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MULTILEG TANKER MOORING SYSTEM AND UNLOADING FACILITY:
SYSTEM MODEL AND RELIABILITY ANALYSIS

[. EXECUTIVE SUMMARY

1. Executive Summary. The delivery of fuel by sea to friendly forees engaged
with a hostile force has been subjected to a detailed inquiry using operations research
methodology. A hybrid scenario has been formulated which modifies the Training and
Doctrine Command (TRADOC), Fort Monroe, Virginia, mideast scenarios, super-
imposing certain demanding elements drawn from the Multileg Tanker Mooring System
requirements document. The result is a hypothetical conflict embodying the TRADOC
scenario’s fuel consumption requirements but complicated by loss of formal port facili-
ties and by extension of the hostility from 60 to 90 days in duration. Fuel delivery
means have been limited to the air-transportable mooring and unloading line developed
as part of the overall Multileg Tanker Mooring System.

A mathematical model has been formulated which represents both the
supply portion of the problem — the mooring and offshore pipeline — and the demand
portion — the military force located inland and the fuel distribution, storage, decon-
tamination, and dispensing equipment required to sustain that force throughout a 90-
day hostility. The model incorporates a fuel reserve objective established by the
friendly forces’ commander; fuel levels nominally rise toward that reserve objective as
the hostility progresses; actual levels respond to the difference between cumulative
consumption and cumulative deliveries. Deliveries may be prevented by unfavorable
climatic conditions and imperfeet equipment while consumption is observed to vary
with time, the result of arrivals and departures of military units and the changing
tempo of operations.

The model by necessity is extremely detailed and as expected incorporates
a number of assumptions and decision rules; the more significant are as follows:

a.  All fuel deliveries after midnight of day 4 will be made by tankers
which will moor and discharge fuel for 30 hours, then depart for 18 hours — a 48-hour
cycle repeated until operations cease on day 90.

b. A fuel reserve is required, and sufficient moorings and unloading lines
will be placed allowing that reserve objective to be met by midnight of day 29 barring
system failures but allowing for unfavorable weather conditions which preclude the
tanker from entering the mooring.




c. A study of worldwide coastal climatology led to the conclusion that
clevated seastates could hamper fuel deliveries to a substantial degree. The model
reflects that conelusion by limiting deliveries to 40 percent of the time during the first
30 days — a figure derived from the unfavorable weather incidence rate during the
worst month of the year at 14 worldwide sites. Deliveries are permitted 70 pereent of
the time during the latter 60 days — an incidence rate representative of the annual
average oceurrence.

d.  Hostile forces do not prevent friendly forces from using the mooring
or unloading line nor do they destroy the facility or any fuel.

e.  Fuel storage containers are available in advance of the time they are
required to receive the fuel.

f.  Fuel will not be aceepted once the fuel reserve objective has been
reached. Fuel deliveries will be aborted and the tanker unmoored before the reserve
objective is reached. Once a delivery is aborted, the tanker may not return until its
next seheduled delivery.

g. If a delivery is aborted by a failure, the tanker will be released and not
permitted to return until the next scheduled delivery. This will always prevail even
though repairs may be completed within 4 hours, and the tanker may, consequently,
be idled for as many as 43 hours after the repair has been made.

h. Each mooring and unloading line is associated with its own dedicated
onshore storage containers and its own dedicated fraction of the friendly foree which
continues to draw fuel from those containers until no more remains. If one mooring is
inoperative, the fuel on hand will continually diminish through eonsumption even
though fuel storage containers in adjacent facilities might be filled to capacity.

i.  No variations in the 48-hour fuel delivery cycle are permissible. This is
true even if fuel reserves become dangerously low. In an actual situation, operating
personnel would be expected to revise the delivery schedules; however, the model does
not incorporate such flexibility.

j- The explosively embedded anchor projectiles are considered functional
only when embedded 6 feet or more below the oecan bottom. 1t is further assumed
that the anchors penetrate only 12 feet into the bottom, which is the smallest actual
penetration observed.

Approaching the problem in this manner admittedly casts the system in a
less favorable light than if the system’s intrinsic physieal and environmental




characteristics could be described in precise detail. This is not possible, however, since
uncertainty pervades this problem as it does virtually any meaningful attempt to
describe and quantify the behavior of complex systems; the systems analyst must
accept some alternative approach if such systems are to be studied at all. A consistent
conservative bias — quite evident after reviewing the study assumptions — has been
employed in this case to channel the uncertainty.« The outcome of the study is
admittedly sensitive to the assumptions made; if the assumptions are changed or if the
model's rigid structure is relaxed, the study findings will also change. The set of all
feasible solutions may be thought of as being situated between two boundaries: one
representing consistent use of the most liberal assumptions which would produce up-
ward biased predictions of system performance, and the other representing consistent
use of the most conservative assumptions which would produce performance predic-
tions biased in the opposite direction. The latter approach has been chosen in every
casc since, when this is done, the resulting predictions of system performance would
be expected to equal or approximate the lower boundary. Performance predicted in
such a manner would then gain credibility as a *‘good” estimator even though it would
be one with a downward bias. Actual performance would be better than the predicted
performance, but it is not possible to state by what amount.

The model deseribed was employed to simulate approximately 32,000 90-
day hostilities during which pipeline length, reserve objective, and mission reliability
were systematically varied. Specified values (SV) and minimum acceptable values
(MAYV) were subsequently defined for cases where the theoretical minimum number of
systems was placed and for a second case where the minimum number of systems was
supplemented by one additional system.

A series of 36 SV’s and 36 MAV’s was derived; the 36 values of each result
directly from the number of variables examined with the simulation model, i.e., six
pipeline lengths varying from 1,000 to 5,000 feet, three reserve objectives varying from
10 to 30 days, and two different numbers of deployed systems. The numerical
findings were subjected to statistical analysis from which it was extablished that the
reserve objective had no statistically significant influence on the SV’s and MAV’s.
However, a strong relationship was found to exist between the derived SV's, the
MAV’s, and the pipeline length. The data were fitted to two linear equations; the
equations and their multiple R? — a statistical quantity which in this instance repre-
sents the proportion of the variability in the SV’s and MAV’s accounted for by the
cquations — are as follows:

SV =0.18095 + 0.00014 X; R? =0.9401, and (1)

MAV =0.12143 + 0.00013 X; R? = 0.8882, (2)




where X is the pipeline length in feet. The strength of the relationships is very much in
evidence, accounting for 94 percent of the SV variation and 89 percent of the MAV
variation. If the equations are solved for the 2,500- and 5,000-foot-long pipeline cases,
one obtains the values given in Table 1.

Table 1. Relationship Between SV, MAV, and Pipeline Length

Pipeline Length SV MAV
(ft)
2,500 0.53 0.45
5,000 0.88 0.77

The primary objective of this study was the establishment of SV’s and
MAV’s which have as their basis a rigorous analytical foundation; formulation of a
generalized mathematical model and the subsequent application of that model to a
hybrid scenario constitute such a foundation. Accommodation of the primary objec-
tive — derivation of SV’s and MAV’s — automatically rendered explicit many factors
peculiar to tanker mooring and unloading facilities as a generic class; thus, a number
of qualitative generalizations was spawned as a direct byproduct of deriving the SV’s
and MAV’s. Many of those generalizations warrant quantitative treatment — an effort
which is deferred at this time but which promises to yield information of value in de-
fining fertile areas for R&D; the information obtained also would be beneficial to those
charged with operating the system described herein. The more substantive findings are
summarized in the paragraphs which follow; however, the reader is urged to not stop
there but, rather, to seek out those portions of the study where each topic is treated in
depth; treatment of the admittedly complex subjeet within the brief space allotted for
a summary may, unfortunately, tend to obscure an otherwise lucid exposition. With
that eaution, a synopsis of the qualitative findings follows:

a.  Accumulation of a fuel reserve is absolutely essential if numerous
weather-induced fuel interruptions are to be avoided.

b. A greater number of tankers, moorings, and unloading lines is required
during the first 30 days of a hostility than during the post-day 30 period. This oceurs
since the fuel consumption plus a contribution to the fuel reserve must be accommo-
dated during the first 30 days, while only consumption must be accommodated after-
ward.

¢.  The unloading line is expected to constitute the limiting bottleneck in
virtually any mooring and unloading facility used by the military. While it generally
will never be feasible to discharge fuel at a rate even approaching the volumetric
capacily of a tanker’s pumps, the problem could be ameliorated somewhat by: (1) use
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of multiple unloading lines with each mooring; (2) reducing pipeline friction by appli-
cation of an internal coating to the unloading hine or use of friction reducing fuel addi-
tives, thercby decreasing the roughness coefficient and increasing the flow rate; and
(3) use of offshore pumping stations to increase flow rate.

d.  Weather will periodically prevent a tanker from initially mooring or
from remaining in a mooring; weather factors, therefore, influence the volume of fuel
which may be actually discharged. The degree of influence will vary both from site-to-
site and as a function of the month during which operations take place. While this
problem may not be totally overcome in any reasonable manner, development of a
sccond-generation mooring system capable of restraining tankers in seastates beyond
the seastate 2 limitation of the current system would at least diminish the problem.

e.  The current system may only service tankers moored within 5000 feet
of the shore. This implies that the smallest tankers within the Military Sealift Com-
mand (MSC) fleet may be safely moored only 66 percent of the time off coastlines
which are otherwise suitable. Attention should be given to developing a second genera-
tion unloading line which may be placed further offshore than the current line.

f.  Since the 25,000-DWT-size tanker is the smallest within the MSC
fleet — it is also the largest which the current system may handle — attention should be
given to developing a second-generation mooring capable of safely accommodating
tankers larger than the 25,000-DWT size.

g.  The explosive embedment anchor development effort consisted largely
of innovation rather than of deliberate application of theoretical rescarch findings.
While the anchor was subsequently proven to be a useful device, further improvement
must await the theoretical findings which a basic and exploratory research effort would
be expected to unearth. This problem is further exacerbated by ignorance of the

mooring load/time history which the anchors must resist.

h.  System performance has been differentiated from mission reliability for
the purposes of this study. Performance is measured by the number of fuel interrup-
tions experienced by the friendly force, while mission reliability is measured by the
success with which the system moors and discharges a tanker during a 30-hour mission.
System performance has been found to be a function of mission reliability and pipe-
line length; mission reliability has been found to be a function of the hardware design
and the physical properties of the soil in which the anchors are embedded. Thus, a
system would be expected to exhibit a higher mission reliability — and a superior level
of performance — if the anchors were embedded in sand, clay, or coral than if the
anchors were embedded in mud or silt. The effect of the other variable — pipeline
length — may be examined in a similar manner. A system would experience the same




munber of mission fatlures if it has a short pipeline or a long pipeline; however, a sys-
tem with a short pipeline would experience fewer fuel interruptions (i.c., it would
exhibit a superior level of performance) than would a system which differed only by
the inclusion of a pipeline of greater length. The term “identical™ in this second
example implies that both systems had anchors embedded in identical soil and were
subjeet to identical weather conditions.

H. INTRODUCTION

2. Objectives. The work that follows is directed toward the establishment of
minimum MAV’s and SV’s for the Multileg Tanker Mooring System. The uniqueness
of the item and the resulting lack of long-term performance data preclude the use of
parametric analysis and extrapolation techniques as commonly employed. The lack of
a comprehensive scientific theory also precludes model formulation in the normal
sense. The problem thus reduces to an examination of the mooring system’s role in a
broader coutext, i.e., what levels of MAV and SV are required if the mooring system is
to perform its intended function? Once those values are actually quantified, the deci-
sion maker may compare them with the comparable values derived from Development
Test H (DT II) data. Thus, the approach which follows is acknowledged from the
very beginning as an attempt to develop a yardstick against which actual performance
may be measured and not as a comparison of promised performance against actual—
an intellectually appealing check but one which has little relevance to the adequacy of
a fielded system.

A secondary but cqually important objective is the study of offshore
moorings and unloading lines as a generic class. The methodology employed to estab-
lish the MAYV and SV gives visibility to a number of factors which impact on the opera-
tion of such an offshore system; the methodology also allows a systematic investiga-
tion of the mutual interaction of those factors.

3. Methodology. The study objectives will be fulfilled through use of a hybrid
scenario formulated through combination of the background and specific performance
characteristics contained in the Moormg System Requirements Document and in two
scenarios prepared by TRADOC.' 2 The requirements document quantifies many
specific system capabilities, while the scenarios present the fuel requirenients by type
and as a function of time. Where a direct confliet or ambiguity exists, the more de-
manding case has been integrated into the hybrid scenario.

! Letter, U.S. Army Combat Developments Command, Subject: Revised Department of the Army Approved

Qualitative Materiel Requirement (QMR) for Multileg Tanker Mooring System, 1 November 1972,
2 R. C. Lybarger and J. H. Taylor, “Scores,” Army Logistician, March-April 1975, pp. 30-32.




The military foree addressed herein requires a multiplicity of mooring and
unloading svstems for its support; the actual number is dependent upon the magnitude
of the reserve fuel supply objective established to insure continuity of operations. The
effect of weather conditions is also examined, and the probability of weather allowing
or precluding the delivery of fuel is addressed through the study of weather conditions
present off numerous worldwide coastlines.

Once the performance requircments are cstablished for an individual
mooring and unloading facility, a mathematical model will be formulated which relates
deliveries to consumption; the model also will count each instance when the fuel
reserve reduces to zero — a measurement of system performance.

The model will be run on a computer and the fuel demand objectives, the
probability of mission success, and the fuel flow rate all will be varied systematically,
thereby enabling us to gain a detailed profile of system performance. The results of
the simulations will be segregated into feasible, infeasible, acceptable, and unacceptable
zones of performance from which the SV’s and MAV’s will be derived.

1. FUEL CONSUMPTION AND DELIVERY PATTERNS

4. Corps Compositions. The demands placed on a mooring and unloading facil-
ity are primarily and logically a function of the size and type of military force which
the facility supports logistically. Certainly, a corps would be expected to consume far
more fuel than would a single division; in a similar fashion, an Armor Division would
consume far more fuel than would an Airborne Division. ldentification of one or more
baseline forces is then essential if the study is to draw meaningful quantitative conclu-
sions; the two scenarios developed by TRADOC serve this purpose.

One scenario involves the deployment of a light corps; the other scenario
involves a heavy corps. The composition of each is as reflected in the following:

Light Corps Heavy Corps
Airborne Division Cavalry Division
Airmobile Division Armor Division
Cavalry Division including ACCB Separate Brigade
COSCOM Mechanized Division
Port COSCOM
Airfield Airfield

The corps includes actual combat elements and supporting elements; Air Force require-
ments are also included.
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5. Daily Consumption. Knowledge of the force composition is essential, but it
constitutes only part of the information required for a comprehensive investigation.
From a pragmatic point of view, the military force cannot arrive instantancously;
instead, it must arrive piccemeal as limited transportation resources deliver groups
and equipment according to some prespeeified order of priority. The TRADOC
scenarios detail the sequence quite explicitly, from which values for daily fuel con-
sumption may be established. Such values are available from day 1 through day 60,
the day on which the seenario terminates operations. The hybrid scenario actually
employed in this study adjusts the TRADOC fuel consumption data, as actually im-
posed on the mooring and unloading facility, by assuming fuel supply during the first
4 days to be provided by unspecified means. The mooring and unloading facility is
assumed to arrive during day 1, and its emplacement is assumed to begin at midnight of
that day; the facility would then be available at midnight of day 4, its emplacement
requiring 3 days given the favorable weather which is assumed. This variation is con-
sistent with the basic scenarios since it simply differentiates between the source of fuel;
it does diverge in its fundamental assumption that the conflict takes place in a region
cither without commercial ports or without existing and available means to sccure and
unload tankers. Even should such means be available, Army Doctrine suggests that
“POL facilitics should be dispersed and sited away from other port facilities.”?

The fuel consumption data obtained from the TRADOC scenario has been
adapted in a second way for the purposes of this study; the conflict duration has been
extended from 60 to 90 days to bring the model into coincidence with the service life
specified in the system requirements document. This change simply extends the hypo-
thetical deployment of the system, thereby increasing the opportunity for chance,
catastrophic, sequential failures to occur. The system reliability requirements derived
from this study will be, therefore, somewhat more demanding for the 90-day case than
for the 60-day case.

The daily fuel consumption for the light corps is listed in Appendix A
(Table A-1) and is illustrated as a function of time in Figure 1. The incremental pro-
gression of fuel consumption is very much in evidence. The progression originates in
the number of personnel and the level of military activities. The fuel consumption is
observed to stabilize after day 44; the level of the last 46 days has been held constant
for the period from day 60 to day 90. Comparable data for the heavy corps are also
listed in Appendix A (Table A-2).

3 Department of the Army Field Manual FM 5.1, Engineer Troop Organizations and Operations, July 1971,
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Figure 1. Daily fuel consumption for a light corps.

6. Fuel Reserve. The daily fuel consumption constitutes a demand that must
be met on a continuous and instantancous basis. This may be satisfied by: (1) mooring
a tanker offshore permanently with its pumps operating 24 hours a day but at an out-
put pressure which will produce a flow rate which coincides exactly with the instan-
tancous fuel consumption or (2) using fuel storage tanks to hold fuel delivered in
excess of demand, allowing the tanker to come and go. Both cases offer both advan-
tages and countervailing disadvantages which warrant further investigation. The first
case requires that one tanker be dedicated to each unloading line where it presents a
continuing larget, incurs substantial demurrage costs, and causes an interruption in
fuel delivery each time unfavorable weather makes it necessary for the tanker to de-
part the mooring for the relative security of the open ocean. Knowledge of the theore-
tical maximum flow rate possible through one unloading line would permit an exact
determination of how many systems are required to support a corps size force; knowl-
cdge of the probability of experiencing unfavorable weather would permit a command-
er to estimate how frequently his force would be denied fuel.

The second case, which involves a deliberate policy of reserve fuel accumula-
tion, would typically require the tanker to moor for a period of time, pump fuel
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ashore, and then leave. Each fuel delivery would include sufficient fuel to supply
friendly forces during the period between deliveries plus some additional fuel which
would constitute a portion of the fuel reserve. The percentage of the fuel delivered
which is intended for the fuel reserve depends upon: how large a fuel reserve is
desired, and how rapidly the fuel reserve must achicve the desired level. The first of
the two issues will receive extensive attention in the pages which follow, while the
second issue will be dispatched after a brief investigation into the ramifications of
various accumulation rates.

If the fuel reserve is to be accumulated at all, additional systems will be re-
quired over and above the number required to meet daily consumption exclusively.
The number of additional systems required will increase dircctly as the desired accu-
mulation rate is increased. Once the fuel reserve objective is reached, those additional
systems could be idled since their primary utility is limited to the conveyance of
rescrve fuel stocks. Onme final factor weighing against an unduly rapid accumulation is
the inevitable time lag which occurs between when the need for fuel storage containers
is first realized and when those containers are actually available; thus, a planned rate of
fuel accumulation which exceeds the rate at which the available engineer resources may
place storage containers is destined to failure from its inception.

Accumulating the fuel reserve at a slow pace minimizes the number of sys-
tems required but at the expense of increasing the uncertainty about availability of
fuel supplics — the very purpose of developing a fucl reserve is a reduction of such un-
certaintics. The short duration of the hostility already described further mitigates
against a too gradual accumulation policy.

Given the 90-day-duration hostility, a reasonable objective appears to be
realization of the spccified fuel reserve by midnight of day 29 — an approach which
should result in adequate fuel stocks during the early days of the conflict when the
force’s ability to survive is most tenuous. The aceumulation rate implied by the day
29 objective should not require deployment of an excessive number of additional sys-
tems nor should it require an unreasonable rate of fuel storage container placement.
The precise effects of this choice will become increasingly clear in subsequent portions
of the overall effort.

The mooring, pumping, and mooring cycle would be repeated until the 90-
day duration of hostilities ceased. In this case, the tanker also would be a target but
only intermittently. The occurrence of unfavorable weather would also result in the
tanker lcaving; however, presence of a reserve fuel cache onshore would permit miki-
tary operations to continue in this case, unlike the preceding case. Thus, the greater
the fuel reserve, the longer a military force could operate in the absence of the tanker,
raising the question: How large a reserve is best? The short duration of the conflict
and the desire to procure and deploy only some reasonable number of systems suggest
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examining three diserete cases which involve fuel reserves (ie., 10-, 20-, and 30-day
fuel reserves) giving only passing attention to the degencrate zero-reserve ease which
virtually assures periods during which fuel will not be available.

7.  Fuel Delivery Model. Now that the nature of the overall fuel demand and
the utility derived from a fuel reserve have been examined, it is appropriate to investi-
gate the opposite side of the issue — fuel delivery. 1If a military foree is to function
effectively, the cumulative fuel delivered must be greater than or equal to the eumula-
tive fuel consumed. The volume of fuel physically on hand is the fuel reserve; its abso-
lute size will vary constantly, sometimes increasing and sometimes decreasimg in
response to fuel deliveries and to the tempo of military operations. The fuel reserve
cannol sustain a deficit since the volume of fuel on hand must be nonnegative — posi-
tive or zero; negative values of the fuel reserve have no physical meaning in this ease.

The delivery sequence used throughout this effort evolves from the 30-hour
mission duration mandated in the system requirements document. For the purpose
sought here, the 30-hour mission is interpreted as the actual time during which fuel is
being pumped ashore; thus, each delivery sequence will result in the tanker remaining
within 5,000 feet of shore (corresponding to the maximum pipeline length) between
31 and 32 hours. The additional time is consumed in the mooring, unmooring, and
connection and disconnection of the cargo hose which joins the tanker to the pipeline.
The delivery cycle used for the post-day 4 through midnight day 29 period is 30 hours
of pumping followed by 18 hours during which the tanker loiters offshore; the delivery
then forms a 48-hour cyele. Figure 2 illustrates the cumulative volume delivered
during the first 10 days following deployment of troops into the objective area; the
figure also illustrates the corresponding fuel reserve. The post-day 29 period has been
deliberately ignored at this time since the actual delivery sequence utilized is better
appreciated if left for development during discussion of the system simulation model.

8. Fuel Demand Models. The actual variation of fuel consumption with time
as depicted previously in Figure 1 is somewhat cumbersome to deal with, so an
idealized fuel demand model will be formulated for cach of the three levels of fuel
reserve lo be given serious consideration. The demand models will treat the period
starting midnight of day 4, thus ignoring the fuel demand which is met by other means
until the appropriate number of mooring and unloading facilities is operative. The
models will embody two demand rates: an initial rate extending from midnight of
day 4 to midnight of day 29, hereinafter referred to as the initial period; and a subse-
quent rate extending from midnight of day 29 to midnight of day 90, hereinafter
referred to as the subsequent period. These two distinct periods coincide closely with
the fuel consumption patterns observed for the light and heavy corps; actual differ-
ences between the scenario rates and the model rates are minor as will be seen during
derivation of the models.
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Figure 2. Fuel delivery model.




a.  Ten-Day-Reserve Case. The cumulative post-day 4 fuel consumption
has been computed from the more fundamental consumption data already presented.
The cumulative figures for the light and heavy corps are located in Tables A-3 and A4,
respectively, of Appendix A. Those same two tables also incorporate a listing of the
daily cumulative contribution to the fuel reserve which must be accommodated if the
specified reserve is to be realized by midnight, day 29, the end of the initial period.
Accumulation of a fuel reserve implies that the mooring and unloading facility would
have to transmit a quantity of fuel equal to the summation of daily consumption and
contribution to the reserve — a far more taxing requirement than providing a volume
equal to daily consumption alone. This sumn is hereinafter referred to as cumulative
demand, which is distinguished from consumption. In the case of the light corps,
cumulative consumption during the 86-day-long, post-day 4 period is equal to
2,288,290 barrels. The average consumption during the period is then 26,608 bbl/d;
thus, a 10-day reserve consists of 266,080 barrels. If that reserve is accumulated during
the initial period — from day 5 to day 29, a span of 25 days — the mooring and unload-
ing facility must convey 10,643 more bbl/d than would be eonveyed in the absence of
a fuel reserve commitment; the comparable volume for a heavy corps is an additional
11,441 bbl/d. Adding a fuel reserve surcharge to the daily consumption data and then
transforming the sum into cumulative form yield the two smooth and very similar
curves illustrated in Figure 3 for the light and heavy corps. Closer examination of the
cumulative demand curve for the light corps shows it to be steeper in the initial period
than in the subsequent period — the result of the reserve contribution surcharge; the
opposite is in evidence for the heavy corps. The figure also illustrates the proposed
demand model which embodics a constant demand rate over the entire period for both
size corps — an approach which closely approximates the two demand curves.

b. Twenty-Day-Reserve Case. The demand model for this second case is
derived in a matter analogous to that used for the 10-day-reserve case. The cumulative
consumption, cumulative reserve, and cumulative demand quantities for the light and
heavy corps are listed in Tables A-5 and A-6, respectively, of Appendix A. The cumu-
lative reserve objective for both ‘corps simply becomes double the size reserve found
for the smaller 10-day-reserve objective, thus steepening the demand curve in the
region corresponding to the initial period. While not illustrated, the resulting curves
are virtually identical up to day 29 wherefrom they diverge; both curves are essentially
linear throughout. The demand model in this case consists of a single demand curve
for both corps m the pre-day 30 region and a separate curve for each size of corps
thereafter. The cumulative demand value which the model assigns to midnight, day 29,
is the average of the values for the light and heavy corps:

Initial Period
Cumulative Demand = % (1,036,067 barrels + 988,716 barrels) = 1,012,392 barrels.
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Figure 3. Cumulative demand for 10-day case as a function of time.
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The subsequent period cumulative demand models are now easily defined using the
starting point of 1,012,392 barrels and the end points corresponding to the cumulative
demand on day 90 — values found at the bottom of Tables A-5 and A-6.

c.  Thirty-Day-Reserve Case. The demand model for this third case takes a
form analogous to that of the previous case. A single cumulative demand is used for
both size corps during the initial period, and two distinet linear functions are used to
describe cumulative consumption during the subsequent period. The cumulative con-
sumption, cumulative reserve, and cumulative demand quantities for the light and
heavy corps are listed in Tables A-7 and A8, respectively. The cumulative demand
valuc which the model assigns to midnight, day 29, is the average of the values for the
light and heavy corps:

Initial Period
Cumulative Demand = % (1,302,147 barrels + 1,274,738 barrels) = 1,288,443 barrels.

d. Summary. The demand models may be used to establish average daily
fuel demand for the imitial and subsequent periods, given four different levels of fuel
reserve objectives. The findings and the method of computation are contained in Table
2 and in the explanatory notes accompanying the table. Average daily demand during
the initial period is observed to increase monotonically with increasing reserve fuel
objectives. Thus, while larger fuel reserves are intuitively associated with an increased
probability of possessing adequate fuel to support combat operations, this same action
results in each mooring and unloading facility being tasked to convey increasing
volumes of fuel given the same number of potential pumping hours per system. The
increased throughput volume required would require the use of additional systems to
accommodate the temporarily high demand rate. It is also apparent that no consistent
trend exists for the average daily demand during the subsequent period — an under-
standable occurrence since the difference results from substitution of artificial linear
models for the discrete values obtained from the TRADOC scenarios. Lastly, the flow
rates presented for the initial period deliveries cite 384 hours as the potential number
of hours during which the tanker may pump fuel ashore during the initial period. The
384 hours of pumping is derived by taking the sum of twelve 30-hour missions plus one
24-hour mission. The latter time period is that portion of a mission which occurs dur-
ing day 29 — the day defined as the end of the initial period. Thus, in the absence of
exogenous influences, it would be possible to pump fuel ashore for a theoretical 384
hours.  Factors which mitigate this theoretical allotment will be given an in-depth
examination clsewhere in this study.




Table 2. Summary of Daily Demand

Flow Rate
Average Daily Demand  Corresponding to  Average Daily Demand

Type of Corps Initial Period(2) Initial Period(}b) Subsequent Period(¢)
(bbl/d) (bbl/h) (bbl/d)
No Reserve(d)
Light 26,747 1,115 29,880
Heavy 23,252 969 35,098
10-Day Reserve
Light 31,028 2,079 31,928
Heavy 31,928 2,079 31,928
20-Day Reserve
Light 40,496 2,636 29,640
Heavy 40,496 2,630 33,106
30-Day Reserve
Light 51,538 3,355 29477
Heavy 51,538 3,355 33,269
(a) Cumulative demand for inilial period divided by 25 days, i.c., length of initial period.
(b) Cumulalive demand for initial period divided by 384 hours, i.e., potential number of hours during which the
tanker may pump fuel ashore during the initial period.
(c) Cumulative demand for subsequent period divided by 61 days, i.e., length of subsequent period,
(d) Peak values given for zero-reserve case; the flow rate is based on pumping 24 hours a day.

IV. SYSTEM REQUIREMENTS

9. Background. The preceding portion of this study consists of a detailed
inquiry into the needs of a supported military force over time. A number of separate
variations of those needs has been examined preparatory to a detailed analysis of the
performance of a multileg tanker mooring and unloading facility (referred o as the
System) as a function of a number of variables. Thus far, the fuel demands over time
have been defined explicitly without concern for how that fuel would be physically
conveyed. Some finite number of moorings and unloading lines is obviously required
to accommodate that demand. The precise number is dependent on how far offshore
the tanker is moored (the actual distance identically establishes the pipeline length and,
consequently, the flow rate), on the nature of the fuel actually pumped, and on the
availability of the mooring and unloading facility in the sense that climatic conditions
outside the System’s design envelope may preclude its use. Once these factors have
received appropriate allention, it will be possible to establish the number of systems
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required and, therefore, the expected fuel throughiput required of cach individual sys-
tem as well. The performance of one such system — of N homogencous systems —
then may be investigated using the simulation model derived in section V. Al this
time, it is appropriate to present the assumptions which underlie the first parts of this
section; cach assumption subsequently will be reexamined and relaxed as the analysis
evolves. The assumptions inttially employed are: (1) that the mooring and unloading
facility will have a composite reliability of unity; (2) that the environmental condi-
tions, e.g., wind and waves, will remain within the ranges specified in the system re-
quirements document; (3) that hostile forces neither prevent friendly forees from
using the mooring or unloading facility nor destroy the facility or any fuel stores; and
(4) that fuel storage containers are available in advance of the time they are required
to receive the fuel reserve.

Given the preceding assumptions and the ecarlier observation that the
mooring and unloading facility is placed under the highest operational stress during the
initial period, it is evident that an equal or larger number of systems is required during
the initial vis-a-vis the subsequent period. Thus, the number of systems required mnay
be uniquely determined from the demands o be accommodated during the mitial
period. One last merement of knowledge is required before the number of systems
may be established, and that is the nature of the fuel being transported. Actually, a
series of fuels is involved, each with a different flow rate from the others, ceteris pari-
bus. Since each unloading facility deployed will be used in a multiproduct mode, the
actual throughput will vary as the type of fuel being pumped varies. This issue is best
treated by discussing flow rates for a “composite fuel” macrovariable found by taking
a weighted average of the flow rates for each fuel. The weighting factors used
correspond to the pereentage of cach type of fuel consumed during the hypothetical
conflicts reflected in the TRADOC scenarios. The composite fuel referred to
hereinafter consists of 50 percent JP-4, 27 percent diesel, and 23 percent gasoline.
Any variation of the fuel mixture would naturally result in a corresponding variation of
the newly defined composite fuel flow rate. Despite this obvious possibility, the macro
approach employed is regarded as quite representative even given the theoretically
infinite number of composite fuels which could be defined. The actual flow rate used
is skewed toward the higher density fuels, yielding conservatively low flow rates. The
relative insensitivity of flow rate to actual mixture composition may be illustrated by
considering the flow rates for aviation gasoline — the least dense conventional fuel —
and diesel — the most dense — in the case of a 1000-foot-long pipeline of the type used
here and at a head loss of 90 1bf/in?. The aviation gasoline would flow at the rate of
1,808 gal/min, while the heavier diesel would flow at 1,661 gal/min, 92 pereent of the
aviation gasoline rate. Since the maximum possible variation of flow rates is limited to
approximately 8 percent, any plausible composite fuel would certainly exhibit a much
smaller deviation. In this particular instance, the possible deviation is further reduced
since the light aviation gasoline is not used.
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10. Flow Rates — Unconstrained. The fuel which is to be transported has been
defined, so a determination of theoretical, or unconstrained, flow rate may be made
after first commenting on: the pipe through which the fuel will flow; the pipeline
lengths envisioned; and the tankship pumping capability. The pipe used has an inside
diameter of 6.0 inches and an outside diameter of 6.625 inches; it is grade J-55,
National Diamond “B” buttress-threaded oil field casing and is furnished in lengths of
approximately 30 feet.*  The actual length of pipeline emplaced offshore normally
will be as short as possible since that will minimize the cffort required for its placement
and simultancously maximize the fuel delivery rate. The incremental nature of the
pipeline (167 lengths of pipe are shipped) makes it desirable to examine a broad range
of feasible lengths at this time rather than to limit the discussion to the 2,500- and
5,000-foot lengths specified in the system requirements document. A number of
discrete lengths varying from 1,000 to 5,000 feet will be examined, thus effectively
encompassing the range of lengths and corresponding flow rates likely to be of practi-
cal concern; attention subsequently will be directed exclusively to the two specified
lengths, not because of their intrinsic significance but rather because they illustrate the
system’s performance. The third issue of concern is the tankship which transports the
fucl to the objective arca. The tankships involved would be provided by the Military
Sealift Command (MSC). The smallest size would be 25,000 DWT, would require
approximately 42 feet of water depth for safe operation, and would be capable of
delivering approximately 225,000 barrels of fuel cach trip. In the absence of an exten-
sive and available fuel-storage facility in the military objective area, it would be vir-
tually impossible to physically accept such a monumental volume at the very start,
thus making necessary the earlier assumption that fuel storage volume would become
available at a rate equivalent to the growth in theoretical fuel on hand. The alterna-
tive to the preceding assumption would be an ability to create fuel-storage capacity
instantaneously and discontinuously in advance of scheduled tanker arrivals — a highly
improbable feat.

Since the supporting information has been presented, it is now appropriate
to quantify the rates at which the hypothetical composite fuel would flow through
varying lengths of pipe. Two series of flow tests have been run, and those results will
be used here instead of depending purely on theoretical flow curves for steel pipe
derived after assuming some internal roughness factor. The first serics of flow tests was
conducted by the Naval Civil Engineering Laboratory and was accomplished by
pumping saltwater through a 4,000-foot-long pipeline.’ The second series of tests was
conducted at the U.S. Army Mobility Equipment Research and Development Center

¢ J. 1. Traffalis, 600-GPM Ship-to-Shore Bulk Fuel Delivery Systems, Technical Report R-202, U.S. Naval Civil
Engineering Laboratory, Port Hueneme, California, 29 Junc 1962, p. 17.

5 J. J. Traffalis, 600-GPM Ship-to-Shore Bulk Fuel Delivery Systems, Technical Report R-202, U.S, Naval Civil
Engineering Laboratory, Port Hueneme, California, 29 June 1962, p. 56.
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and involved pumping gasoline through approximately 90 feet of pipe. The test data
recorded by each are summarized in Table 3.

Table 3. Flow Test Data

Navy Series(2) Army Series(®)

Head Loss Flow Rate Head Loss Ilow Rate
(1bf/in? ) (gal/min) (Ibf/in?) (zal/min)
32 440 0.29 388
39 460 0.69 544
44 500 0.88 624
47 540 1122 718
50 540 1.52 810
55 580 1.81 886

590 2.20 958
65 620 1.71 870
70 620 1.27 746
75 660 0.88 624
80 680 0.49 470

(a) Conducted with saltwater pumped through a 4,000-foot-long pipeline.
(b) Conducted with gasoline pumped through an 88.7-foot-long pipeline.

Roughness coefficient estimators were computed for each of the two sets of
test data. The Navy data yielded a value of 0.0242, while the Army data yiclded a
lower figure, 0.6204. If those coefficients are then substituted into equation (3), the
predicted flow rates obtained using the Army roughness estimator are found to be con-
sistently 9 percent higher than the comparable rates obtained using the Navy rough-
ness estimator. The relationship for determining flow rate for this particular pipe is
given by the following:

577,763 - h \ 7
Q = ———— e s (3)
SG-L-f

where:

Q s flow rate (gal/min),

h s head loss (Ibf/in?),

SG is specific gravily (dimensionless),
L is pipeline length (feet), and

f  is friction factor (dimensionless).
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The differences in computed roughness are most probably attributable to inaccuracy
of the flow meters used; however, the condition of the pipe interior also may have
played a role. The pipe used in the Army tests was thoroughly cleaned using internal
scrapers before the flow tests were run; the pipe used in the Navy tests may not have
reccived such advance preparation, thus leading to an increased roughness originating
in interior scale and corrosion products. Table 4 contains the flow rates predicted by
substituting the two roughness estimators into equation (3) along with a constant head
loss of 90 1bf/in?, a specific gravity of 0.7825 corresponding to the composite fuel, and
a varying pipeline length; a third set of flow rates, the average of the Army and Navy
predictions, is also included in the table. This third set of flow rates will be used
throughout the remainder of this effort. The average is considered as being more repre-
sentative than either constituent element, a conclusion drawn from the hypothesis
previously proposed to explain the differences. The rates listed have been rounded to
the nearest 10 units, an approach consistent with the quality of the original data.

Table 4. Predicted Flow Rates (Composite Fuel)

Pipeline Length Army Predictions Navy Predictions  Average Predictions*
(ft) (gal/min)  (bbl/h)  (gal/min)  (bbl/h) (gal/min)  (bbl/h)
1,000 1810 2,580 1,660 2,370 1,730 2,470
1,500 1,470 2,110 1,350 1,930 1,410 2,020
2,000 1,280 1,820 1,170 1,670 1,220 1,750
2,500 1,140 1,630 1,050 1,500 1,100 1,560
3,000 1,040 1,490 960 1,370 1,000 1,430
3,500 970 1,380 890 1,27 930 1,320
4,000 900 1,290 830 1,180 870 1,240
4,500 850 1,220 780 1,120 820 1,170
5,000 810 1,150 740 1,060 70 1,110

* Rounded after first taking averages of unrounded data.

11. Environmental Considerations. Fach mooring is designed to resist the forces
generated by a given size ship acted on by a given combination of environmental
parameters. The ship size addressed would normally correspond to the largest size ship
expected to use the mooring. The values assigned to the environmental parameters
may be established on the basis of the maximum event recorded for a particular site
or on the desire of remaining operable some prespecified fraction of the time. This
latter approach is better suited to moorings intended for worldwide application,
rather than for one specific site. The latter approach also would be expected to
simultaneously minimize weight, cube, cost, emplacement time, and other related
variables which are of major interest for military operations but which might not be
given major attention by a marine engineering firm designing a mooring for commercial
use.
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Figure 4. Seastate at SEACON I construction site (percentage of time per month that
swells are greater than or equal to 2 or 4 feet).

Wind and wave height data are available for many areas of the world. How-
ever, since the values of such parameters are not uniform throughout the year, it may
well be misleading to simply use the single statistic, arithmetic mean, to represent such
information. The lack of uniformity may be better appreciated after examining a
typical distribution of wave heights as recorded by the Navy during 1968-1969 at a site
in the Pacific Ocean off the Southern California Coast (Figure 4).° The plotted distri-
butions are observed to be multimodal (i.e., possess more than one local maximum)
rather than uniform as use of the mean implies. This variability is of particular signifi-
cance for military operations since current guidance indicates that the duration of such
operations would be skewed toward the short end of the time spectrum, i.e., 60 or 90

6 T. R. Kretschmer et al, Seafloor Construction Experiment, SEACON I, Technical Report R-817, Civil Engineer-

ing Laboratory, Naval Construction Battalion Center, Port Hueneme, California, February 1975, p. 16.
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days. Should a short-lived deployment coineide with a period of high-percentage
occurrence of wave heights outside the permissible operating range of the mooring,
serious problems could arise. Over longer periods, e.g., 1 year or more, the periods of
high mooring availability would allow accumulation of reserve logistical stoeks which
might sustain operations during periods of low availability. Data are commonly avail-
able for both sea and swell, the distinction being that sea is generated loeally, resulting
from the nteraction of local winds with the ocean surfaee, which forms waves of steep
slope and short wavelength. Swell, in contrast, is formed at sites quite distant from the
actual site of interest; swells are generally smooth in contour, approximate sinusoids
in shape, and are of considerably longer wavelength than is sea. The long-wavelength
swells tend to interact with large vessels such as tankers; whereas, the shorter.waves of
sea will generally have little effect on ship motion.

The mooring system requirements document specifies that it is essential that
the mooring function in a seastate 2 and desirable that it function in a seastate 3. The
term “‘seastate” represents the range of significant wave heights which exist at a speci-
fied location on the ocean’s surface; Table 5 conveys the characteristics assoeiated with
various seastates.

Table 5. Seastate Characteristics

Seastate
Characteristic 1 2 3 4 5
Wind Velocity (kn) 7 10 16 18 23
Wave Height (ft) 1 2-3 3-6 4-8 6-13
Wave Pertod (s) 3 1.0-6.0 2.0-8.8 2.5-10.0 3.4-12.2

It also should be pointed out that the wave height range specified for each
seastate 1s the “significant wave height,” a statistical termn. Use of such a specialized
term is appropriate since actual wave heights for a given scastate will vary from zero to
some multiple of the maximum presented in the table, thus making the use of a more
famthar term, such as average, misleading. This paradox exists because individual
waves may travel at different speeds, causing some to momentarily cancel or diminish
one another and causing others to become larger through superposition. For example,
a scastate 2 nominally ineludes a range of significant waves of 2 to 3 feet but may in-
clude waves as high as 4.8 feet, i.e., 1.6 times the wave height constituting the upper
bound.”. The significant wave height is found by positioning an observer at a fixed
point offshore to list the height of each wave that passes. The wave heights are then
arranged in order of decreasing magnitude; the significant wave height, as used here, is

e
‘

R. L. Wiegel, Oceanographic Engineering, Prentice-Hall, Englewood Cliffs, New Jersey, 1964, p. 202,
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then the average of the highest onc-third of the waves.® As a further example, if 999
waves are observed and arranged in order of decreasing height, the significant wave
height would be the average of the 333 highest. Use of the term focuses attention on
the larger waves which possess the greatest energy and, therefore, are of primary
nterest in an engineering sense.

The preceding discussion now makes it feasible to examine the subject of
environmental parameters as they impact upon the operation of a mooring. Two
sources of relevant data have been studied and their contents have been distilled into
the following paragraphs.

The first source was a study, sponsored by the Naval Civil Enginecring
Laboratory in 1969, which examined coastal climatology at 11 locations around the
world selected as being typical of those regions in which the U.S. might deploy a mili-
tary force.® The average incidence of various scastates for the 11 sites has been
computed on the basis of total number of days for which a given seastate or range of
scastates is reported divided by the total number of observations, i.e., 4,015 possible
days (11 sites times 365 days of observation at each site). In a number of cases, the
study gives wave height data in terms of the direction of wave origin, as would be of
interest on different sides of an island or for a harbor which is naturally shiclded from
waves originating from certain directions. When this situation was encountered, the
exposure yielding the highest incident rate was used, thus yielding the most conserva-
tive values; the percentages do not sum exactly to 100 for this reason. Table 6 sum-
marizes the results for the 11 sites.

Table 6. Average Occurrence of Seastate for 11 Sites

Number of Percent No. of Sites
Seastate Occurrences Occurrence* At Which Observed
1-3 3,426 85.3 11
4 426 10.6 11
5 124 3.1 10
>5 13 0.3 4

* Number of occurrences divided by 4,015 x 100,

While the data presented do not distinguish individual seastates lower than 3,
the general nonlinear trending evident in the data makes it reasonable to estimate the

5 Significant wave hcight is sometimes defined as the average of the highest tenth, or some other fraction, vis-a-vis
the highest third, used exclusively throughout this study,

Environmental Analysis Relative to Portable Port Operations, Ocean Science and Enginecering, Inc.,
21 November 1969, p. 11-44.
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percent occurrence of seastates less than or equal to 2 at between 50 and 65 pereent,
given the decrcasing probability of increasingly severe scastates, a phenomenon consis-
tent with extreme event prediction. It is also appropriate to caution that the data
displayed are averages for an entire ycar; thus, a high rate of elevated scastate recorded
during a single month would be diffused into lower incident rates recorded during the
remaining 11 months, biasing the perceived severity of the problem downward.,

A more recent study — also sponsored by the Navy — sought to minimize the
downward bias induced through the use of annual averages and instead sought to intro-
duce a bias favoring higher seastates.'® This second effort presents percent-occurrence
data which correspond with the worst month — i.e., the month with the highest occur-
rence of a given scastate or seastate range — for 14 worldwide locations. The data con-
sists exclusively of the percent occurrence of various height range sea and swell; thus,
for the identical reasons given earlier, the sea data has been neglected and the swell
data has been used as the basis of cstablishing equivalent scastates. As expected, the
frequency of occurrence reflected in Table 7 differs from that presented in the
previous table; this second table is of greater relevance since the military conflicts
which are of interest here are of short duration and, therefore, must necessarily be con-
sidered in the context of the month or months of maximum wave activity.

Table 7. Maximum Monthly Seastate Occurrence for 14 Sites (Percent)

Seastate Occurrence (Pct) Range (Pct)
1-3 55.1 11-100
<4 36.6 8-66
<6 13.9 0-61

According to Table 7, a mooring such as the Multileg Tanker Mooring
System would be usable less than an average of 55 percent of the time during the most
favorable month, i.c., the month in which lower seastates occur most frequently. The
actual occurrences of seastates 1 through 3 are observed to vary from as seldom as 11
percent at one site to as frequently as 100 percent of the time during favored months
at another. The latter site, which is predictably favorable during the month of Octo-
ber, becomes an undesirable site during other parts of the year, experiencing seastate 4
or worse 66 percent of the time during July. When the problem is examined from the
opposite direction, seastate 4 or worse occurs as seldom as 8 percent and as frequently
as 66 percent of the time during the least favorable month. In each instance, the
macro-level data of Table 6, which represents annual averages, is markedly different
than the micro-level data of Table 7. The monthly information is considered far more

10 Systems for Mobile Piers and Causeways for Expeditionary Logistic Facilities, Fredrick R. Harris, Inc., and PRC
Systems Sciences Co., June 1973, pp. 38.
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rclevant to short-duration military operations of the type addressed herein than is the
corresponding annual information.

12. Flow Rates — Constrained. The existence of a fuel reserve is clearly
necessary with the present mooring and would be necessary even with an advaneed
mooring capable of operating under more severe conditions than permissible here.
Given a mooring with a hypothetical capability to operate in seastate 3, fuel could be
moved only 55 percent of the time during the most favorable month with a potential
for as seldom as 34 percent of the lime if operations took place in the Timor Sea
during the month of July. Secastate 4 or greater is expected 66 percent of the time at
that particular site.

Since seastale 4 or greater occurs an average 37 percent of the time during
the months that it is maximized, it may be inferred that average occurrence rates for
seastates 1 through 3 are minimized during those same months; the lower seastates
would occur an average 63 percent of the time. Naturally, seastate 2 or less (the nor-
mal operating range for the Multileg Tanker Mooring System) would occur at an even
lower incidence rate than 63 percent. If the wide range of scastate 4 or greater occur-
rence rates is now examined and if a conservative orientation is followed, a figure of 40
percent appears representative of maximum mooring availability during the least favor-
able month; thus, the actual volume of fuel delivered is observed to be a function of
the exogenous variable — weather.

The reader is cautioned that 40 percent is an average and as such is sub-
ject to all the shortcomings associated with the use of averages to represent other than
uniformly distributed phenomena. The actual occurrence of secastates 1 and 2 would
range from somewhat less than 34 percent to somewhat less than 92 percent of the
time for the 14 sites reflected in Table 7. The 34- and 92-pereent figures are associated
with seastates 1 through 3; thus, the more exclusive seastates 1 and 2 case would oceur
less frequently.

The significance of the weather-constraint value actually employed may be
better appreciated after considering that those sites experiencing “good” weather
greater than 40 percent of the time during the worst month eould be serviced with
fewer systems than is indicated by the numbers reflected in this study; conversely,
sites experiencing “good” weather less than 40 percent of the time would require more
systems than the numbers indicated herein. While this study will establish performance
for only the 40-pereent availability case, the analytical methodology developed here
could be applied directly to any other numerical value, an exercise deferred at this
time.

It becomes less probable that equally unfavorable conditions would exist for
2 or 3 consecutive months, so a seastatc model embodying deercasing scastates is re-
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quired. The approach decided upon is the use of 40 percent for the initial period
followed by 70 percent availability for the subsequent period. The 40-percent value is
derived from the month having the lowest likelihood of favorable (i.c., scastate 1 or 2)
conditions, while the 70-percent figure coincides with the average annual likelihood of
such conditions.

The reduced availability factors now may be used to transform the potential
flow rates to weather-constrained flow rates; such rates are found in Table 8.

Table 8. Weather-Constrained Flow Rates

Constrained Flow Rate(#)

(bbl/h)
Pipeline Length  Unconstrained Flow Rate Initial Period(®)  Subsequent Period(®)
(ft) (bbl/h)
1,000 2,470 990 1,730
1,500 2,020 810 1410
2,000 1,750 700 1,230
2,500 1,560 620 1,090
3,000 1,430 570 1,000
3,500 1,320 530 920
4,000 1,240 500 70
4,500 1,170 470 820
5,000 1,110 440 780

(a) Rounded to nearest 10 bbl/h
(b) 40 percent of unconstrained rate
(¢) 70 percent of unconstrained rate

13. Individual System Loading. At this juncture, the fuel demand has been
rigorously defined, and delivery rates have been a(ljuslcd for unfavorable weather con-
ditions. It is now possible to respond to the question: How many mooring systems
and unloading facilities are required to support the light and heavy corps of the
TRADOC scenarios? This question will be answered for only two pipeline lengths —
the 2,500- and 5,000-foot lengths specified in the system requirements document —
so that the results will remain intelligible and yet also illuminate the problem to the
maximum extent. The response will be made on the basis of the initial period since the
number of moorings and unloading facilitics required is greater for the initial period
than for the subsequent period. This position is supported by the earlier observation
that the average daily demand during the initial period is equal to or greater than the
same figure associated with the subsequent period; the 60-percent downward adjust-
ment in the initial period flow rate vis-a-vis a lesser 30-percent reduction during the
subsequent period also supports the proposed approach. Itis now possible to establish
how much fuel a single mooring and unloading facility is capable of conveying during
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the initial period. Table 9 presents the cumulative throughput given: (1) the uncon-
strained flow rates from the previous table; (2) the 384 hours of pumping time theo-
retically available during the iitial period; and (3) the 40-percent factor which re-
duces the actual pumping time to a lesser number reflecting the impact of unfavorable
weather conditions.

Table 9. Constrained Cumulative Throughput and Equivalent Delivery Rates for One
Mooring and Unloading Facility During the Initial Period(2)

Constrained Cumulative Equivalent Daily
Pipeline Length Throughput(?) Delivery Rate(<)
(f1) (hbl) (bbl)
2,500 239,616 9,585
5,000 170,496 6,820
() Actually represents the delivery rates for cach unloading facility deployed since a single mooring could theo-
retically accommodate two pipelines of the type discussed here.
(b) Unconstrained flow rate (Table 8) x 0.4 (weather factor) x 384 hours (theoretical pumping time during
initial period).
(<)

Unconstrained flow rate (Table 8) x 0.4 (weather factor) x 15.36 hour/d (average daily delivery time during
the initial period, i.e., 384 hours/25 days).

Knowledge of the capabilities of a single system under conditions of perfect
reliability and no damage by hostile action allows the determination of the number of
systems required to support a light or heavy corps demand. Table 10 summarizes the
results along with the actual delivery rates required of cach deployed system under a
combination of reserve fuel objectives and pipeline lengths; for a 10-day fuel reserve
objective and the more demanding, and more physically meaningful, 5,000-foot pipe-
line length, it is observed that five systems would be adequate if a system availability of
0.94 could be assured. Another way of looking at this result is that five systems would
be adequate if the system nonavailability resulting from hardware failures and hostile
activity could be kept to 6 percent of the period during which the system was
scheduled to function and during which environmmental factors allowed operation. The
effect which hardware reliability has on system availability and performance will be
thoroughly investigated in the following section of this study; the impact of hostile
activity will be left to the reader for speculation. At this point, it may be further
observed that for the range of availabilities investigated the daily delivery rate for each
system deployed is in the range of 5,000 to 8,000 bbl/d.
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Table 10. Unit Delivery Rates and Required System Availabilities(?)

No. of Required Daily Delivery
Pipeline Length Systems Rate Per System(") Minimum Acceptable
(fv) Deployed (bbl/d) Availability(®)
10-Day Reserve
2,500 4 7,982 0.83
5 6,386 0.67
5,000 5 6,386 0.94
6 5,321 0.78
20-Day Reserve
2,500 5 8,099 0.85
6 6,749 0.70
5,000 6 6,749 0.99
7 5,785 0.85
8 5,062 0.74
30-Day Reserve
2,500 6 8,590 0.90
i 7,363 0.77
5,000 8 6,442 0.95
9 5,726 0.84
10 5,154 0.76
(a) Based on consumption and reserve contribution during initial period.
(b) Average daily demand during the initial period (from demand models) divided by the number of systems
deployed.
(c)

Total cumulative demand during the initial period (from demand models) divided by the constrained cumula-
tive throughput of all the deployed systems (constrained cumulative throughput for one system (Table 9)
times the number of systems).

V. ANALYSIS

14. System Simulation Model. The actual system of interest is configured much
the same as the schematic representation reflected in Figure 5. A mooring consisting
of the tanker’s two bow anchors and two or four explosively anchored buoys restrains
the tanker in a fixed orientation with respect to the shoreline. The configuration
embodying four explosive anchors is the more demanding for reasons which will
become obvious as the discussion proceeds, and for that reason the analysis is predi-
cated on such a mooring. A 6-inch-diameter pipeline is linked to the tanker via a
flexible cargo hose; the pipeline receives fuel from the tanker and conveys the fuel
ashore where it is pumped into storage containers for eventual distribution. The
offshore clements have been assumed to be perfectly reliable, an assumption which
must eventually be relaxed on pragmatic grounds. A close examination of the system
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identifies numerous potential areas where failures might occur; however, the brief
period of exposure, re., 90 days, mitigates against the occurrence of most such failures.
The single arca in this system which warrants the closest examination is the anchoring
device used to actually restrain the tanker. As is the case for all anchoring devices
except deadweight anchors, which develop resistance through friction with the ocean
bottom, the performance of explosively cmbedded plates, or projectiles, which develop
the actual resistance attributed to explosive embedment anchor devices, is poorly
understood. Even the performance of the universally accepted drag-type anchors is
based almost exclusively on empirical data rather than on a theoretically based under-
standing of the anchorsoil interaction mechanism; similarly, the complex soil-
projectile interactions, associated with explosive embedment anchors as a generie class,
have received serious investigation during only the past 10 years. A number of theo-
retical and empirically derived models has been postulated; however, no one model
begins to satisfactorily address long term, short term, static, and dynamic perfor-
mance of plates with varying geometries, embedded in differing soil media. Limited
cmpirical data have been gathered by the U.S. Army Mobility Equipment Rescarch
and Development Command on the short term performance of two distinct projectile
types under static loading conditions. Figure 6 summarizes that data for one of the
two types — the XM-50 anchor — in terms of soil type and stage of projectile design.
The pre-1974 configuration embodied a weakness which effectively hmited extraction
force to a maximum of approximately 70,000 pounds; design changes incorporated
into the post-1974 configuration have raised the ceiling to approximately 100,000
pounds. A still more recent design change has been incorporated to correct a problem
encountered during tests off Eglin AFB, Florida, where an excellent sand bottom sus-
tained only substandard extraction forees. The cause has since been traced to a design
deficiency which prevented the embedded anchor projectile from rotating into position
perpendicular to the axis of the applied load. The elevated extraction forces developed
by the Clay [T vis-a-vis the Clay Il results bear witness to the effectiveness of the final
design change.

Perhaps the most comprehensive investigation into the subject involved scale
model anchor projectiles which were acted on by static and cyclic loads. This investi-
eation, hereinafter referred to as the Bemben study, addressed the differences in ex-
traction forces which develop under static and cyclic loading conditions.''  The
observed differences were found to be significant, raising doubts about the direct rele-
vance of the fullscale test data as reflected in Figure 6 (which shows static extraction
force data) to the problem of mooring a tanker, which imparts loading of a dynamic
but aperiodic nature. At the risk of oversimplifying the findings of the investigation,
it may be stated that a plate embedded in a soil mass will creep under load and that the

gy Bemben, M. Kunferman, and E. H. Kalajian, Vertical Holding Capacity of Marine Anchors in Sand and

Clay Subjected to Static and Cyclic Loading, November 1971.
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rate of creep in a given material varies directly, but nonlinearly, with the magnitude
of the applied load; the observation most significant to this immediate cffort is that the
crecp rate is more rapid for a dynamic load of maximum value F than for a static load
of the same value. Thus, if a single installation of anchoring devices is to perform over
the life of a mooring, the ercep rate must be limited to a value sufficiently low such
that the projectile remains safely embedded in the occan bottom from the time of its
initial embedment to the time the mooring is abandoned at the completion of hostili-
ties. Knowledge of the expected number of hours during which the anchors will be
subject to mooring loads then may be combined with knowledge of the creep mecha-
nism to establish a failure model for the embedded anchor projectiles. For the
purposes of this study, total time in the mooring will be assumed as equivalent to the
pumping time. Since a number of different fuel reserve objectives and pipeline length
options has been established, a choice also must be made at this time: Which combina-
tions of those possible variations previously identified warrant attention? The choices
which appear most appropriate are those that place the system under stress for the
longest periods; therefore, the smallest number of systems which satisfy demand for
each of the three fuel reserve objectives and which do so at the reduced flow rates
associated with the 5,000-foot pipeline length has been chosen. The exact number of
systems is then established by reference to Table 10. Given the preceding, it is now
possible to compute the total number of hours, a process rendered explicit in Table 11.

Table 11. Pumping Times

Fucl Delivered Fuel Delivered Per System Pumping Time Total
During Initial During Subsequent Delivery —Subsequent Subsequent Pumping
Number of Period Period Period Period Time
Systems(a) (bbl)(b) (bbl)e) (bblyd) (hours)e) (hours)(f)
10-Day Reserve
5 852,480 1,893,335 378,667 485.5 639
20-Day Reserve
6 1,022,976 2,019,446 336,574 431.5 585
30-Day Reserve
8 1,363,968 1,953,892 244 237 313.1 467

(a) Number of systems cstablished from Table 10 using guidance from paragraph 14.
(b) Found by multiplying 170,496 barrels (from Table 9) by number of systems from first column,

(¢) Cumulative demand for heavy corps as of day 90 less preceding column; corresponds to fuel volume which
remains to be delivered during subsequent period.

(d)  Equal to valuc from third column divided by number of systems taken from first column,

(e) Equal to value from fourth column divided by the constrained flow rate for a 5000-foot-long pipeline during
the subsequent period, i.c., divided by 780 bbl/h (Tablec 8),

qufal to the pumping time from the fifth column plus 153.6 hours of pumping which occurs during the initial
period (384 hours multiplied by 0.4 (weather adjustment factor)).

()

The results dramatically reflect the differences in cumulative stress experi-
enced under varying reserve objective decisions. In all cases, each system deployed
would be operated for the same number of hours, i.e., 153.6 hours, during the initial

L
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period. Since the fuel demand rate is greater during the initial period than during the
subsequent period, the number of systems which must be deployed is an exclusive
function of the fuel reserve objectives; the larger the fuel reserve objective, the greater
the number of systems which must be deployed initially. Once the subsequent period
has been entered, the number of hours which each system must operate declines if all
the systems originally deployed remain in service, a situation which reduces the cumu-
lative stress experienced by each deployed system as a dircet function of increasing
reserve objective. An alternative approach is use of a reduced number of systems
during the subsequent period; the unused systems reasonably could be left in position
until the termination of hostilities, thus functioning as spares. The use of fewer
moorings after the 29th day would also allow the military force to be supported by
fewer tankers. If the 30-hours-pumping-per-48-hour-cycle objective followed during the
initial period is continued throughout the subsequent period — a policy consistent with
the improbability that sufficicnt storage capacity ever would be available to accommo-
date the entire 225,000-barrel cargo of a fully loaded tanker — the tanker would
remain in the general vicinity repeating this 48-hour cycle of activity until its cargo
had been exhausted. This approach yields a theoretical 906 hours of pumping during
the subsequent period, that is, 30 missions of 30 hours cach plus 6 hours during day
30. The latter represents the last 6 hours of a 30-hour mission started on day 29 of the
initial period. The expected duration of actual pumping would be only 70 percent of
906 hours (634.2 hours) after introduction of the weather adjustment factor. Recall
the earlier discussion leading to a conclusion that the mooring would be available only
70 percent of the time during the subsequent period, a conclusion which resulted in
creation of the variable “constrained flow rate.”” This information now may be com-
bined with the information outlined in the preceding table to obtain revised pumping
times (Table 12) associated with each of the three fuel-reserve-objective cases.

Table 12. Pumping Time — Revised (5,000-Foot Pipeline)

Fuel Delivered Required Pumping
Reserve During Subsequent Time—Subsequent Total Pumping
Objective Period Period Required Systems— Time
(days) (bbly(@) (hours)(b) Subsequent Period(€) (hours)
10 1,893,335 1,706 3 722
20 2,019,446 1,819 3 760
30 1,953,892 1,760 3 740

(2)  From Table 11.

(b) Equal to the preceding column divided by unconstrained flow rate of 1,110 bbl/h from Table 8, 5,000-foot-
long pipeline case; corresponds with the actual number of hours that a tanker would have to pump, not the
total number of scheduled delivery hours required to accumulate the indicated number of pumping hours.

(c) Equal to the preceding column divided by adjusted number of pumping hours available per system during sub-
sequent period, i.e., 634.2 hours, rounded to next higher integer,
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The revised total pumping times now hecome approximately equal and will be repre-
sented hereinafter as the largest value, 760 hours.

This derived information now may be combined with projectile penetration
data displayed in Figure 6 and with the observations of the investigation of embedded
plate behavior already noted. Figure 6 reflects a diversity of projectile penetration
depths; this results from differences both in soil and in anchor configuration. For
these reasons, a penetration of 12 feet, the minimum recorded and, therefore, the most
conservative value, will be used for the purposes of this study as representative of the
XM-50 anchors which restrain the tanker. Before proceeding, it also must be
mentioned that projectile extraction occurs through a deep and shallow soil-failure
mechanism, with creep occurring at more rapid rates when the projectile creeps toward
the surface past a depth equal to four times its minimum dimension. This transition
depth is the point where the soil-failure mechanism changes from deep to shallow ; for
the XM-50 anchor, the transition depth is 6 feet. A further conservative assumption
now will be invoked whereby embedment of less than 6 feet will be equated with an
unacceptably high creep rate; thus, a projectile’s useful life, as considered here, is
limited to the time it lies beneath 6 feet such that the creep rate is controlled by the
deep failure mechanisin. The total distance available for creep is then equal to the 12-
foot initial embedment less the 6-foot upper limit, or 6 feet. The Bemben study cites
a maximum allowable design cyclic creep rate of 0.01 ft/min for sand and a rate of
0.04 in./h for clay. Given 760 hours of loading on cach embedded projectile, these
rates would result in 456 feet of crecp in sand and 2.53 feet in clay. Smaller creep
rates are, therefore, essential for projectiles embedded in sand if total creep is limited

to a maximum of 6 feet during 760 hours of loading; such a combination limits the
creep rate to 0.0079 ft/h (0.0016 in./min).

The actual failure process is admittedly far more complex than presented
here and imperfectly understood. What is known is that it requires less force to
dislodge an embedded projectile which lies close to the surface than is required for one
that is deeply embedded, ccteris paribus. This knowledge supports use of the assump-
tion that the usable life of an cmbedded projectile is limited to the time it is embedded
greater than 6 feet within a soil mass. A second increment of knowledge is that creep
in sandy materials is more severe than creep in clays. Lastly, the Bemben study pro-
duced a consistent series of curves which relates creep rate in sandy material to the
ratio of applied cyclic load, to static failure load (a quantity assumed equivalent to the
full-scale extraction forces reflected in Figure 6), and to depth of embedment. Those
curves associate a ratio of 0.45 with the allowable creep rate of 0.0016 in./min at an
embedment depth equivalent to 6 feet. Thus, if the average extraction foree of 90,000
pounds associated with the clay III region of Figure 6 (which corresponds to the
current XM-50 anchor configuration) is considered representative of the static failure
load, an appropriate working load for an embedded XM-50 projectile would be 40,000
pounds.
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Knowledge regarding the complementary issue of mooring-load magnitude is
no less well defined than is knowledge of the mechanism by which a plate embedded in
a soil mass develops resistance to applied loads which vary with time. Curves are avail-
able in a number of reference works which purport to estimate the individual load con-
tributions originating in wind, current, and wave action; however, the maximum
mooring loads computed vary substantially as a function of which reference is used.'? 13
Perhaps the most useful information on the subject of mooring loads is the data
collected in June 1974, when an instrumented Multileg Tanker Mooring System held a
25,000-DWT tanker for a period of 30 hours.® The forces recorded in individual
mooring lines during the test varied from zero to an unsustained high of 9,143 pounds,
which was recorded during a single 10-minute period; more typical were values in the
2,000- to 4,000-pound range. Thus, the designer is faced with uncertainty on both
sides of the problem: the mooring loads generated by a tanker of a given size subject
to given environmental conditions and the resisting ability of plates embedded in a soil
mass and acted upon by mooring loads of an aperiodic nature.

If the problem is now examined in its totality, it is apparent that the maxi-
mum mooring loads recorded under environmental conditions less than the maximum
cnvironmental conditions specified in the Mooring System Requirements Document
are, admittedly, far less than the 40,000-pound, cyclic load which an embedded XM-50
could conservatively sustain for the duration of a 90-day hostility. However, any
serious investigation of what level of performance could be expected must make expli-
cit allowance for the inevitable lack of perfection assoeiated with manmade deviees
and for the previously articulated lack of certainty regarding projectile behavior and
the magnitude of tanker-induced forces. A reasonable failure model then must be pro-
posed which embodies the available information.

If one refers to Figure 5, which depicts a complete operating system, and
objectively examines the three constituent elements, it becomes readily apparent, for
rcasons already discussed, that the mooring is the most likely element to experience
failures. The mooring itself consists of four explosively embedded anchors, cach
tethered to a passive surface buoy. Thus, the embedded anchor projectiles must be
examined once again. Cousider the case where a complete system has been emplaced
and a tanker arrives and is secured in the mooring. At that point, the projectiles are
embedded at their maximum depth within the ocean bottom soil mass. Once acted on
by the tanker-generated mooring loads, the embedded anchors would begin to creep

12 NAvFAC DM.-206, Design Manual: Harbor and Coastal Facilities, Naval Facilities Engineering Command, July
1968.

13 Department of the Army Technical Manual TM 5-302, Army Facilities Components Systems—Designs, Septem-
ber 1973, Drawing 12.21.

b}
14 G. Jastrab, Development Test II (Engineering Phase) of Multileg Tanker Mooring System: Final Report, Aber-
deen Proving Ground, Maryland, August 1975.
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along a line perpendicular to the axis of the applied load. In this case, the wire rope
line, which emanates from the anchor, would be gradually drawn into the soil as it
attempts to line up with the force which the surface buoy couveys between the tanker
and the ocean bottom.

Given the depth of anchor embedment, it is improbable that the projectile
would be extracted during the first 30-hour mission since this would mandate a creep
rate greater than or equal to 0.4 ft/h, a rate which would require a force approximating
static failure (90,000 pounds) and one unlikely to be generated by tankers of 25,000
DWT under any conditions comparable to those specified in the Mooring System Re-
quirements Document. Of course, a failure resulting from some latent production
defect could occur; however, tests conducted prior to initial acceptance could be rea-
sonably expected to prevent this. Thus, failure during the first 30-hour mission is con-
sidered an impossible event for the purposes of this analysis. Failure during later
missions is both possible and allowed on the grounds that creep may occur at more
rapid rates than those predicted using Bemben’s findings. The incomplete body of
knowledge almost certainly assures the presence of heretofore unknown factors which
may cause unexpected results. Since: (1)each mooring consists of four embedded
projectiles; (2) cach projectile resists mooring forces as determined by its position in
the mooring array; and (3) the wind, current, and wave direction and intensity vary
with time throughout each 30-hour mission, each projectile will creep at its own rate
which varies instantaneously in response to each of the preceding factors. Thus, cumu-
lative creep will vary from one projectile to another. If the hypothesized probability
of failure for cach anchor is plotted over time as in Figure 7, the probability of failure
for each anchor is represented as a symmetrical function with each of the four func-
tions offset from one another in appreciation of the consistently greater loads resisted
by some of the projectiles. Of course, the delineation of individual days in the figure
time axis is purely for purposes of illustration; for reasons already presented, this does
not imply an actual quantified failure distribution for individual embedded projcctiles.
This difference originates in the patterns of prevailing winds and in the fixed relation-
ship between the tanker axis and prevailing current. The four anchors shown are the
original four; an endless serics of individual curves should be visualized since as each
projectile is pulled from the ocean bottom it would be replaced and the replacement
would experience a similar probability of failure over time. If the individual probabili-
tics are summed vertically and if the sum is plotted on the same axis, the result may be
approximatcd by a horizontal line which initially riscs only slightly faster than does the
probability of anchor number 1 failing; the horizontal line has been cxtended to the
left, where it terminates at midnight of day 6. The arca under the line and to the left
of anchor number 1 curve is an additional instance of the conservative assumptions
contained herein; this is the case since the horizontal line signifies a failure rate con-
siderably greater than that expected on the basis of the hypothesized failure
mechanism.
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Figure 7. Hypothesized failure model.

In summary, the horizontal line of Figure 7 represents a constant failure
rate, a characteristic of the exponential distribution; for reasons noted earlier, it per-
mits failures only after midnight of day 6. It is now possible to discuss the impact
which each projectile failure would have on the delivery cycle.

It already has been explicitly stated that each delivery begins at midnight
and terminates at 0600 hours on the following day. The tanker will, therefore, moor
during the hours of darkness and quite likely depart under the same conditions. This
mode of operation is found wanting on pragmatic grounds; however, the value of the
proposed model is not actually diminished. This position gains credibility if the reader
views a variation of the problem which embodies the precise structure of the proposed
model but which involves a linear time transformation whereby all events begin 8 hours
later. Thus, while the proposed model incorporates deliveries beginning at midnight
of day 4, its merits are not negated in any real manner if the actual delivery sequence
begins 8 hours later, i.e., at 0800 hours, and ends 8 hours later, i.e., at 1400 hours the
following day. A decision rule now may be introduced to further simplify the model
while maintaining the level of conservatism already embodied in the analysis.

The beginning of each delivery period is rigidly scheduled as midnight of
even numbered days, with departure rigidly scheduled at 0600 hours the following
even numbered day, given that no failure occurred during the programed 30-hour
mission. Should a failure occur, the tanker would depart immediately, terminating the
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mission prematurely. Approaching the problem in this manner casts the system in a
less favorable light than if the model performed tanker scheduling on a more flexible
basis; however, the consistent incorporation of a conservative bias is viewed here as a
desirable approaeh. The final outcome of the study obviously will be sensitive to the
assumptions made, and the use of explicit assumptions is unavoidable because uncer-
tainty pervades the overall effort. If the assumptions are changed, the study findings
will also change, varying between two boundary values: one representing consistent
use of the most liberal assumptions and the second representing consistent use of the
most conservative assumptions. The latter have been chosen in every case since they
cause the predicted system performance to cqual or closely approximate an absolute
minimum value. The predicted performance, thercfore, would gain credibility as a
“good™ estimator of actual performance, which would be expected to equal or exceed
the predicted value.

This reasoning process leads to a series of 30 possible failure variations.
In each instance, the model establishes if thc mooring is operative during each hour of
the planned 30-hour mission; if the answer is yes throughout, the delivery sequence
would continue and the cumulative fuel delivery over time would coincide with that
depicted in Figure 2. Should the model establish that a failure occurs during the
second or a subsequent delivery cycle, pumping would terminate immediately, the
tanker would depart, the failed anchor would be replaced, and the system would
remain idle until the next scheduled delivery. The period from the time of the tanker’s
departure until its next scheduled arrival will vary from a maximum of 47 hours if
failure occurs at the cnd of the 1st hour of pumping to a minimum of 18 hours if
failure occurs at the end of the 30th hour of pumping. Since the actual replacement
task may be easily completed within 4 hours, the mooring is assured of being operative
well in advance of the next delivery. Figure 8 represents cumulative fuel delivered in
the case where a failure occurs after 15 hours of pumping during the second delivery
mission. The cumulative fuel volume actually dclivered is observed to be less than the
volume which would have been transferred under theoretically perfect conditions. The
volume not conveyed as a direct result of the failurc is found by measuring the vertical
distance between the two curves. It should be noted that given the inflexible delivery

schedule the gap will never decrease but will remain constant and then widen as subse-
quent failures occur.

One final issue requires attention before procceding further. In the absence
of failures, and hostile activity to the contrary, the three reserve objectives, i.c., 10, 20
and 30 days, could be reached on or about day 20, that is, well in advance of the
previously espoused target date of midnight day 29. This occurs since only integer
valucs of systems may be deployed, making it necessary to deploy more whole systems
than the minimum number calculated arithmetically. The maximum fuel storage
capability is identically equal to the day 29 cumulative contribution to reserve; three
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such values exist for the purposes here, i.e., the heavy corps, day 29 cumulative contri-
bution to reserve for each of the three reserve objectives.

For example, the heavy corps, 10-day fuel reserve requirement is 286,022
barrels. Sinee storage capacity generally would be expected to be a limiting factor, the
proposed model must continually monitor the magnitude of the fuel reserve, i.c.,
cumulative deliveries less cumulative consumption, and abort the fuel delivery mission
before the fuel reserve exceeds the present reserve requirement, which is 286,022
barrels for the 10-day reserve objective case. Delivery is allowed to continue up to the
point where the reserve would exceed its limit if pumping were to continue for one
more hour. What remains is the problem of defining the demand which each system
must accommodate.

Given that each system is nominally identical in every respect, that the
operational mode and delivery capability of a system are accurately known, and that
cach system deployed is deployed along a sufficiently short length of coastline such
that each is subject to the same environmental conditions, it beeomes possible to allo-
cate some fixed fraction of corps demand against each deployed system. Thus, if one
assumes further that the number of systems actually deployed will coincide with the
number required to satisfy the most demanding ecase, i.e., the 5000-foot-long pipeline,
then the burden which each system must sustain is uniquely defined for the purpose of
this study as are related parameters such as maximum fuel reserve which may be
accumulated in the storage containers serviced by the mooring.

While it certainly would be naive to believe that each system will mimie
every other system in minute detail, the belief that the composite of N systems will on
the average behave similarly to N independent systems is not an unreasonable one. In
like manuer, the analysis also specifies the association of one pipeline with the specific
storage containers which it services exclusively. The decision to examine one represen-
tative system rather than all dcployed systems simplifies the analysis and introduces
further conservative bias.

The first of the two consequences of the arithmetic allocation requires each
system to function independently; whereas, in an actual hostility fuel delivered by
adjacent pipelines would undoubtedly be interconnected. Such an arrangement would
continuc to supply the whole corps with fuel; whereas, this model would theoretically
abort fuel delivery to those fractional corps which experieneed failures while simul-
tancously fueling the remainder. The model is obviously less flexible than would be an
actual series of systems operated by rational beings who would certainly revise prior
decisions in responsc to changing conditions, a capability not bestowed on this model.
The allocation of dedicated storage containers falls into this same category. A fuel
reserve limitation will result in aborting fuel deliveries when the fractional reserve limit
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has been reached, even though adjacent fractional reserves may be well below their
ceiling.

The parameters for the actual system under study now may be summarized
explicitly and are found in Table 13. The table includes two different numbers for the
initial period. The first eoincides with the minimum number eited in Table 10 for a
5,000-foot-long pipeline, while the second is one more than the minimum. Both values
are presented since the required availability rates for the minimum number of systems
range from a low of 0.94 to a high of 0.99. Such elevated availability requircments
may well be assoeiated with physically unattainable system reliabilities, thus making it
prudent to investigate both the minimum number and a slightly greater number of
systems.

Table 13. Parameters for a Single System

Daily Demand Per System

No. of Systems (bbl/d)(b) Maximum Allowable Fuel
Initial Subsequent Initial Subsequent Reserve Per System
Period Period(a) Period Period (bbl)(e)

10-Day Reserve
5 4 6,386 7,982 57,204
6 4 5,321 7,982 47,670
20-Day Reserve
6 4 6,749 8,277 95,341
7 4 5,785 8,277 81,721
30-Day Reserve
8 4 6,442 8,317 107,258
9 4 5,726 8,317 95,341

(a) Four systems are reflected for the subsequent period instead of the three reflected in Table 12. This had been
done because, even given perfect reliability, the theoretical delivery capability of three systems is only 3 percent
greater than the cumulative consumption between day 30 and day 90. Thus, if any deliveries werc aborted
because of reaching the maximum allowable reserve, the actual fuel deliverics would fall below cumulative
consumption,

(b) Demand is for the heavy corps (corps daily demand data from Table 2).

(c) Number of systems used in this context is the initial number of systems deployed; the rescrve objective used is
for the heavy corps (from Appendix A).

The essence of the proposed model now has been presented. The basic
model combines the more demanding elements of the TRADOC scenarios with the
scenario implied in the Mooring System Requirements Document. Once the use of a
fuel reserve was cited, the fuel demand model follows directly from the TRADOC
scenarios and reflects the changes in that demand over time as additional military units
arrive in the objeetive area.
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The fuel delivery model initially presented was subsequently adjusted to
compensate for weather outside of the environmental envelope specified in the require-
ments document; the weather adjustment was administered in the form of monthly
factors since a paucity of data prevents treatment of the day-to-day occurrence of
favorable weather in a formal probabilistic sense. Lastly, the internal structure of the
proposcd model has been presented as have a number of decision rules which directs
the modcl to depart from its fundamental, 48-hour cycle when certain events are
sensed; the other decision rule precludes accumulation of a fuel reserve in excess of
some prescribed volume. At this point, it is possible to proceed to the next issue,
which is: How may the model be applied toward satisfaction of the previously articu-
lated study objectives?

15. Analytical Methodology. The topic for discussion now moves to examina-
tion of the methodology secleeted for achicvement of the study objectives; the simula-
tion technique constitutes that methodology since it permits a relatively dircet applica-
tion of the system model toward satisfaction of those objectives.!® ¢ A computer
program (Appendix B) has been formulated which embodies the problem structure as
presented thus far; the formulation permits the researcher to assign values to key
variables, thus allowing a systematic investigation of the nature and magnitude of the
effects which operational changes and variations in physical factors would have on sys-
tem performance.

Reliability is one key variable and already has been the subject of a rather
dctailed analysis. At that time, the eonclusion was reached that mission failures would
follow an exponential distribution. With that knowledge, we may use the simulation
technique to investigate a theoretical system’s performance as that performance is
influenced by mission failures whieh occur at a rate corresponding to the prescribed
failure distribution.

It is worthy of note at this time that the exponential distribution associates
some small but finite probability to the undesirable event whereby failures occur
during the first few hours of two or more sequential mooring missions. Should that
happen, actual fuel delivery would be limited to only a few hours over a 4-, 6- or
8-day period; friendly forces would then draw their fuel almost exclusively from the
fuel reserve stores during such a period since consumption would continue unabated
(consumption being independent of delivery rate). In an analogous but antithetical
manner, a given simulated, 90-day hostility may include few failures; such a simulation

15 F. Hiller and G. Liebcrman, Introduction to Operation Research, Holden-Day, Inc., San Francisco, California,
1967, pp. 439471.

16 H. Wagner, Principles of Management Science: With Applications to Executive Decisions, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1970, pp. 497-527.
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would report numerous deliveries aborted because the maximum reserve limit was
rcached repeatedly.

In this context, system performance—or system effectivencss, terms used
interchangeably here—is measured by the success with which fuel is provided to
friendly forces. Thus, as long as a nonzero reserve exists, system performance is flaw-
less for the purposes of this study. The actual magnitude of the fuel reserve at any
instant is not considered relevant since the ability of friendly forces to carry on opera-
tions is primarily a function of the existence—not the size—of a fuel reserve; success or
failure to deliver fuel during any single 30-hour delivery mission has only an indirect
effect on operations. Since the presence of a fuel reserve serves to insulate the military
commander from the vagaries of offshore climatology, one would intuitively associate
increasing fuel reserve with an increase in system performance. This belief may be
tested directly by using the computer to simulate a series of system deployments and
for each simulation to count both the number of times the system does not perform as
desired and the number of times the system performs so well that deliveries are aborted
because the maximum fuel reserve level has been reached.

If system performance is exemplified by the uninterrupted availability of
fuel, knowledge of its antithesis — fuel interruption — allows the researcher to measure
the degree of its absence. Consider, for example, the case where: (1) a 10-day fuel
reserve objective has been specified by the Commander; (2) five systems are deployed
and utilized during the initial period; (3) only four of the five are used during the sub-
scquent period; and (4) the rescarcher may freely vary the pipeline length — and,
therefore, the flow rates — as well as the system reliability. A two-dimensional matrix
may be constructed for use in recording the number of times when fuel on hand de-
creases to zero — hereinafter referred to as a fuel interruption and not to be confused
with an aborted fuel delivery mission — for each discrete site within the matrix; the
matrix worksheet employed to record the findings of such an effort is illustrated in
Figure 9. The six system configurations selected for investigation and the demands
and limitations associated with the six are among those listed in Table 10. Two cases —
A and B — are included for cach of the three reserve objectives. In each instance, case
A corresponds with the minimum number of systems required to support a heavy corps
during the initial period if fuel is conveyed through a 5,000-foot-long offshore pipeline.
Case B corresponds with the use of one more system than the minimum during the
initial period; this second case is of interest because of the extremely high minimum
availability values associated with use of the minimum number of systems. Table 10
lists minimum availability values varying between 0.94 and 0.99 for case A and values
for the minimum number varying between 0.78 and 0.85 for case B. In both instances,
the number of systems left operative during the subsequent period is four because of
reasons already discussed.
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Average Number of Times (and Range of Times) Fuel Reserve

Pigﬁg?; F::\i:,iaﬂlate 'S:?::veq;:tnet Falls to Zero at Reliability R during a90-Day Operation
(ft) (bbl/h) (bbl/h) R=0.3 R=04 R=05 R=06 R=0.7 R=0.8 R=0.85 R=0.9 R=0.95

1,000 990 1,730

2,000 700 1,230

2,500 620 1,090

3,000 570 1,000

4,000 500 870

5,000 440 780

1. Reserve Objective= —_________ Days.

2.  Number of Systems Deployed During !nitial Period = , During Subsequent Period =

3. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting With The Beginning of the Second 30-Hour
Mooring Mission, i.e., After Midnight of Day 6.

4. All Mooring Missions Will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown.
Initial Period Daily Demand = —___ bbl/d; Subsequent Period Daily Demand = —____ bbl/d.

6. Cutoff Limit For Fuel Reserve=__________ bbl.

Figure 9. Matrix worksheet.




While destruction of fuel stores and interruption of scheduled deliveries as a
direct result of hostile acts have been left to the reader’s speculation thus far, that
speculation is now invoked to consider the implications associated with minimum
acceptable availabilities numerically close to unity. Recall the manner in which those
availabilities were computed, i.e., the cumulative system demand divided by the
cumulative system delivery capability. The values found then may be viewed as the
fraction of the scheduled hours of delivery during which it is absolutely essential that
delivery must actually occur if the initial period fuel demand is to be accommodated.
For example, an availability of 0.98 indicates the necessity to deliver fuel for 88.2
hours of every 90 hours during which fuel delivery is scheduled. The difference, 1.8
hours in the example, is defincd here as “slack™; the presence of slack allows hostile
activity to interrupt fuel deliverics for a maximum of 1.8 hours in this hypothetical
situation without influencing the System’s ability to satisfy the fuel demand objectives.
It must be remembered that anchor failures also must be absorbed within the slack if
deliveries are to equal or cxceed demand.

For the problem addressed in this study, use of four systems during the
subsequent period acquires respectability if the reader notes the unreasonably small
slack, i.e., 3 percent of the number of delivery hours scheduled during the subsequent
period, which is associated with the three-system case. Similarly, the threat of hostile
activity dirccted at the fuel rescrve combined with the System’s acknowledged physi-
cal imperfections also makes it intuitively questionable to endorse using the lesser
number of systems associated with case A, even given the obvious desirability of pro-
curing and operating fewer systems.

When the actual simulation for cach specific combination of parametric
constants investigatcd is run, the number of fuel interruptions is observed to vary con-
siderably from one 90-day simulated hostility to the next. This result originates in the
use of a probability distribution to describe failures rather than the use of a more
direct approach of using only the failure distribution’s mean to compute the expected
number of interruptions. A scries of 100 simulations, each series corresponding to a
specific combination of the two system paramecters, flow rate and reliability, has been
employed throughout so that a comprehensive picture of overall effectiveness may be
obtained. The 100 outcomes for each series offer ample opportunity for a broad range
of numerical values to occur and for the mcan to stabilize; the validity of this conten-
tion is supported by the near equivalency of separate runs of 100 simulations each
which embody the same parametric constants.

16. Simulation Results. The raw output corresponding to the six system con-
figurations delineated in Table 13 may be found in Appendix C, Tables C-1 through
C-6. The tables list the average number of times the fuel reserve fell to zero during a
90-day period given the assigned valucs of parameters listed in each table; the tables
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also list the lowest and highest number of fuel interruptions which occurred for each
specific case.

The average number of fuel interruptions for each series of 100 simulations
was computed by summing the total number of times fuel reserve falls to zero and by
dividing that sum by 100. For example, Table C-6 cites an avcrage of 0.15 for the
situation where a 5,000-foot-long pipeline is actually placed, given a system reliability
of 0.95. In that particular instance, an examination of the actual simulation output
established that the rcserve: fell to zero one time in each of nine 90-day hostilities; fell
to zero two times in cach of three hostilities; and fell to zero in none of 88 hostilities.
On the average, a fuel interruption would be expeeted to occur extremely infrequently
even under the rigid conditions and circumstances adhered to throughout this analysis.
The range of fuel interruptions cited in Appendix C was found through an examination
of the simulation output corresponding to each series of 100 simulations. Figure 10 is
representative of the output produced by the program.

The effort expended up until this point has been concentrated on: (1) de-
velopment of a generic model, (2) application of that model to the system under
examination, and (3) generation of a substantial mass of system effectiveness indica-
tors obtained by simulating approximately 32,000 90-day hostilities. With this, the
preliminary work is complete, its sole product being the six tables of simulation results
found in Appendix C. Attention must now be directed toward the primary study
objectives, the secondary objectives having been indirectly addressed during model
formulation. The following section will present the mcthodology whereby the simula-
tion output may be transformed into SV’s and MAV’s for the Multileg Tanker Mooring
System.

17. Establishment of SV’s and MAV’s. Thc transformation of system effective-
ness data into SV’s and MAV’s will depend upon first insuring that the meaning of the
two terms in the context of this particular problem is the same to everyone reviewing
this effort. It is then appropriate to first examine the formal definition of each term
and the reasoning process by which each of the two formal definitions may be applied
here.

The specified value is defined as that value of good performance
which will have a high probability of acceptance for development
or opcrational test. The spccified value will be determined con-
sidering opcrational requirements, technical capability, cost to
develop and produce, and logistic requircments.!”

17°U.S. Army Regulation AR 7023, Army Materiel Reliability, Availability, and Maintainability (RAM), 22 March
1973.
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RESULTS OF MULT1=LEL MOORING SYSTe™M SIMULATION

RELIABJLITY IS 95 SAMPLING INTervAL IS 1,00
NUMBER OF SIMULATIONS IS 100

PROHBARILITY FER UNIT TIME FUK SYSTEM FAILUKE «0017
PPNBARILITY UF FAJLURE DURING TIME INTERVAL DT <0017

THE OELIVERY RAT: IS 440, T80.

THE ORAWDOWNS IN KEDUCL UELIVERY CYCLE ARE b 18
A FalLbPt CANNOT UCCUR wlITHIN THE FIRST 30, HUURS
THE MAXIMUM FUEL UN HAND IS ¥5341.0

THE CONSUMPT IO wATE FOr FIRST 29 DAYS IS 5726,

THE CONSUMPTION kATt AFTEx 29 VAYS IS 8317.

TOTALS PER SIMULATION

NUMRFR UF FAILLURES NUMBER BELOw ZERU NUMBER UF OVERFLUWS

2.00 0,00 19
2.00 0.00 20
2. 00 0.00 20
l1.00 0.00 2l
0.00 0.0V el
1.00 0,00 19
1.00 0.00 17
3.00 0.00 17
4,00 0.00 12
2.00 0.00 16
5.00 N.00 15
3.00 0.00 15
2.00 0.00 17
3.00 0.00 18
3.00 0.00 19
1.00 0.00 19
2.00 0.00 16
1.00 0.00 20
3.00 0.00 16
4400 0.00 16
l.n0 0.00 19
1.00 0.00 21
3.00 0.00 17
2.00 0,00 17
3.00 0.00 17
3.00 1.00 16
4,00 l.0U 18
2.00 0.00 18
1.00 0.00 20
4,00 N.00 15
4,00 0.00 16
2.00 1.00 19
l.00 0.00 21
1.00 0.00 21
t.00 0.00 2l
1.00 0.00 19
5.00 1.00 16
2.0V 1.00 19
2.00 0.00 18
l.00 0.00 20
Z.00 0.00 19
l1.00 0.00 20
3.00 0.00 13

Figure 10. Typical simulation output.
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Figure 10. Typical simulation output (cont’d).
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The system addressed in this study already exists and has been the subject of
a lengthy and exhausting DT 1I/Operational Test II (DT II/OT II). The system require-
ments document'® specifically mandates the use of explosive embedment anchors as
the means to secure a tanker; other constraints, most notably the rapid installation rate
and transportability requirements, effectively limit attention to the smaller of two sizes
of embedment anchors. In effect, the specificity of the requirements document closely
defines the ultimate system configuration and the identity of its component clements,
In the absence of further R&D at the basic and exploratory research level, the system’s
performance is essentially as high as it may go.

From the very beginning, this study has equated operational requirements
with an ability to satisfy the Commander’s thirst for fuel; the ability to moor indi-
vidual tankers for a 30-hour mission was purposely subordinated to the reliable fueling
of friendly forces. Naturally, success of one is ultimately dependent on success of the
other. Numerous uncontrollable factors have been presented and examined as this
effort has progressed; the attendant uncertainty which is inherently linked to uncon-
trollable factors guarantees an occasional fuel interruption even if the system hardware
exhibits near perfect reliability, an improbable situation.

The specified value is to be determined * . . . considering operational require-
ments, technical capability, cost to develop and produce, and logistical require-
ments.”'®  Three of these factors have historical standing only, therefore forcing this
effort to focus on the one remaining factor — operational requirements. The simula-
tion produced predictions of how well one system of N homogeneous systems would
meet the fuel requirements of a friendly force under specified conditions. In the sense
that the SV must represent something close to a performance ceiling, this may be given
operational meaning through its association with some small but acceptable number of
fuel interruptions during a 90-day use. Since the value chosen also must be verifiable
by some economically feasible test, the number of fuel interruptions, and, therefore,
the number of anchor failures, generally must be nonzero.

The proposed criterion differentiates between pragmatically infeasible and
feasible values by loosely defining an indicated 1.00 or fewer fuel interruptions as the
boundary between feasible and infeasible. From the Appendix C tables, it is found
that two fuel interruption values adjoin the boundary; the smaller of the two — which
will always be less than or equal to 1 — is hereby defined as the lower feasible limit for
fuel interruptions. Asking the question, “How effective should the system be?” is
certain to solicit the reply, “As good as possible.” Unfortunately, such a reply is

18 Letter, U.S. Army Combat Developments Command, Subject: Revised Department of the Army Approved
Qualitative Materiel Requirement (QMR) for Multileg Tanker Mooring System, 1 November 1972,

19 U.S. Army Regulation AR 702-3, Army Matericl Reliability, Availability, and Maintainability (RAM), 22 March
1973.
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observed to posscss little operational meaning. The proposed criterion accepts the
virtual inevitability of an occasional failure to meet performance expectations but
secks to limit the occurrence to fewer than onc failure during a 90-day hostility. It
must be further recognized that: (1) the model consistently opted for conservative
assumptions when a choice was nccessary; (2) the model is exceptionally rigid in a
number of instances; (3) at the higher levels of reliability, i.c., 0.9 or more, the
expected number of fuel interruptions is invariably less than the limiting value of 1,
with a substantial number being less than 0.2; and (4) in an actual operation, adjaccnt
individual systems would not be separated by an impenetrable boundary as exists here
but would be physically interconnected by pipe or hose or would at the least possess
the ability to transfer fucl laterally between adjacent systems using tank trucks or heli-
copter transported drums. Thus, for the reasons articulated, it becomes readily
apparent that the actual number of fuel interruptions during a single hostility would be
less than the number of interruptions predicted by the model. Tt may, therefore, be
implied that a fuel interruption would be expected only every sccond, third, or fourth
90-day hostility, given rcliability values at least equal to the SV’s defincd in accordance
with the proposed critcrion.

Each of the six tables in Appendix C includes a solid line which divides the
economically/pragmatically feasible values — those to the lower left of the line —
from the infeasible values — those to the upper right. The largest reliability adjoining
the feasible/infeasible boundary for each pipeline length (the value immediately to the

right of the solid line) is the SV. The results obtained in this manner are summarized
in Table 14.

Table 14. Specified Values

Pipeline Case A Case B
Length Fuel Reserve Objective(?) Fuel Reserve Objective(?)
(ft) 10-Day  20-Day  30-Day 10-Day  20-Day  30-Day

1,000 0.3 0.3 0.3 0.3 0.3 0.3
2,000 0.5 0.6 0.5 0.4 0.5 0.4
2,500 0.6 0.7 0.7 0.5 0.6 0.6
3,000 0.7 08 0.8 0.6 0.6 0.6
4,000 08 0.9 0.8 0.7 0.8 0.8
5,000 0.95 0.95 0.95 0.8 0.85 0.85

(a) The absolute minimum number of systems required to scrvice a heavy corps during the initial period through a
VY 4
5,000-foot-pipeline with four systems used during the subsequent period in all cases; e.g., for the 10-day re-
serve case, five systems are used during the initial period and four during the subsequent period (see Table 13).

(b) Reflects use of one more system during the initial period than in the preceding case and four systems during
the subsequent period in all cases.
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The MAV, which represents a performance floor, must be examined, and a
process must be established to derive numerical values.?

Minimum acceptable value is defined as that value which represents
the least operational capability the user can tolerate. It represents a
level of marginal performance, below which the item is unaccept-
able, and will have a small probability of acceptance during test.?!

Establishment of MAV’s, then, hinges on differentiating between acceptable
and unacceptable levels of system performance. While admittedly judgmental, the
boundary between acceptable and unacceptable is defined here as 3.00 fuel interrup-
tions during each 90-day hostility. This criterion implies that, on the average, a margi-
nal but acceptable system could experience a maximum of 1 fuel interruption during
each month of operation. For the reasons cited during the discussion relating to SV’s,
the numerical quantity 3.00 must not be construed as a precise numerical prediction of
fuel interruptions but only as a pessimistic (high) estimate of interruptions, given the
conservative assumptions and inflexible operating rules embodied in the model which
produced the interruption data.

Each of the six tables in Appendix C includes a dashed line which divides the
marginal but acceptable values — those to the upper right of the line — from the un-
acceptable values — those to the lower left. The largest reliability value adjoining the
dashed-line boundary for each pipeline length — the value immediately to the right
of the dashed line — is the MAV. The results obtained through application of thesc
criteria arc summarized in Table 15.

The proposed acceptability criteria were derived through an admittedly
heuristic process, but this does not diminish their utility. Selcction of an average
number of fuel interruptions equal to 1 is judged both responsive to a Commander’s
desire for absolute assuranee of fuel supplies and to an awareness that reasonable men
could never promise an absolute assurance of fuel given an operational environment of
the type deseribed herein, nor for any actual onc for that matter. In like manner,
while a larger number than three fuel interruptions could be proposed and supported
with much the same argument, one forccast fuel intcrruption each month appears to
constitute a middle ground fully in keeping with the spirit of the Army Materiel Com-
mand (AMC), Alexandria, Virginia, and TRADOC policy governing the establishment
of RAM requirements.

20 Memorandum of Agreement between U.S. Armny Matericl Command and U.S. Army Training and Doctrine Com-

mand, dated 16 May 1974, on the subject of establishing and assessing reliability, availability, and maintainabil-
ity (RAM) requircments,

21 .S, Army Regulation AR 702-3, Army Materiel Reliability, Availability, and Maintainability (RAM), 22 March
1973.
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Table 15. Minimum Acceptable Values

Pipeline Case A Case B
Length Fuel Reserve Objective(2) Fuel Reserve Objective(?)
(ft) 10-Day  20-Day  30-Day 10-Day  20-Day  30-Day

1,000 0.3 0.3 0.3 0.3 0.3 0.3
2,000 0.4 0.4 0.4 0.3 0.3 0.3
2,500 0.5 0.5 0.5 0.4 0.4 0.4
3,000 0.5 0.6 0.6 0.6 0.5 0.5
4,000 0.7 0.7 0.7 0.7 0.6 0.6
5,000 08 0.85 08 0.85 0.7 0.7

(a) The absolute minimum number of systems required to service a heavy corps during the initial period through a
5,000-foot pipeline with four systems used during the subsequent period in all cases; e.g., for the 10-day re-
serve case, five systems are used during the initial period and four during the subsequent period (see Table 13).

(b) Reflects use of one more system during the initial period than in the preceding case and four systems during
the subsequent period in all cases.

Once again, it should be noted that the number of fuel interruptions fore-
cast by the simulation model is numerically larger than the actual number which would
occur — but by some unknown factor. Thus, an actual system, with a mission reliabil-
ity equal to a derived MAV, would physically outperform the model’s forecast. For
this same reason, an actual system would meet the permissible three-fuel-interruption
criterion even though such a system possessed a reliability numerically lower than the
MAY which the system model associates with the three-interruption case.

This acceptance of less-than-perfect performance is the direct consequence
of the numerous factors identificd as being relevant to this problem. Most of the fac-
tors have been accommodated deterministically — a procedure which admittedly lacks
purity when dealing with factors which may take on many values — as the study has
evolved, and one — reliability — has been treated probabilistically. Nonetheless, much
latitude has been present while dealing with virtually every variable, and that latitude
must logically lead to uncertainty in the numerical results. That uncertainty has been
bounded in this study by consistently choosing conservatism throughout.

The numerical values reflected in Tables" 14 and 15 now may be examined
and interpreted in light of the earlier discussion. Both the SV’s and the MAV’s are
clearly observed to increase with increasing pipeline length; however, the relationship
between the SV and the reserve objective and between the MAV and reserve objective
appears weak at best. A multiple linear regression analysis was performed for the four
groups of data consisting of the SV’s and MAV’s for cases A and B in an attempt to
further examine the nature and strength of the various relationships.




A stepwise regression routine was employed which systematically identifies
the strongest relationship present in the data.?> The routine also provides coefficients
for a linear equation of the form:

y =0 oy Xy 0 Xy, 4)
where: y is the SV or MAV,
X, is the reserve objective in days,
Xz is the pipeline length in feet,
, is a constant, and

a, &, are linear regression coefficients.

If the y-variable correlates strongly with one x-variable and weakly with the
other, equation 4 may be rewritten in simplified form.

y =0t x;31= 1,2 (3)

In such an event, equation 5 would account for the observed variations in the y-term
equally as well as the more complex equation 4. The strength of the relationship may
be computed mathematically and is generally referred to as the multiple R? | values of
which are listed in Table 16. The multiple R? represents the proportion of the varia-
tion in y which is accounted for by the expression on the right side of equations 4 or 5.

Table 16. Relative Strength of Reserve Objective and Pipeline Length as
Potential Predictors of SV’s and MAV’s

Dependent Explanatory Increase In
Variable (y) Variables (x; & x;)* Multiple R? Multiple R?
SV—Case A Length 0.9043 0.9043
Length & Res Obj 0.9083 0.0040
SV-Case B Length 0.9401 0.9401
Length & Res Obj 0.9485 0.0084
MAV—Case A Length 0.9796 0.9796
Length & Res Obj 0.9812 0.0015
MAYV—Case B Length 0.8882 0.8882
Length & Res Obj 0.9072 0.0189

* The explanatory variables are listed in decreasing order of their utility in accounting for variations in the

dependent variable y,

22 W. Dixon, ed., BMD: Biomedical Computer Programs, University of California Press, Berkely, California, 1973,

pp. 305-330.
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It is readily observable from Table 16 that the x, variable, i.c., pipeline
length, has been consistently selected as the first variable to be examined, a reflection
of its strength in accounting for variations in SV’s and MAV’s. It may be further
observed that when both x-variables are used the increased proportion of the
y-variation accounted for as a result of its use is quite small, actually varying from a
low of 0.0015 to a meager high of 0.0189. Before proceeding, it is interesting to note
that the increased R? obtained through introduction of the reserve objective variable
is considcrably higher for the case B’s than for the corresponding case A’s, an observa-
tion which cannot be explained at this time. It is now appropriate to present the four
regression equations derived from the data of Tables 14 and 15:

SV_Case A: vy, =0.18333 + 0.00167 x, + 0.00016 x, (6)
(0.00206)  (0.00001)

SV_Case B:  y, =0.13929 + 0.00208 x, + 0.00014 x, @)
(0.00133)  (0.00001)

MAV_Case A: y, =0.14286 + 0.00083 x, + 0.00013 x, (8)
(0.00076)  (0.00000)

MAV—Case B:  y, =0.17976 - 0.00292 x, + 0.00013 x, 9)

(0.00167)  (0.00001)

Below each a; and a, regression coefficient will be found a number in
parenthesis; that number is the standard error for the corresponding coefficient. It
may be observed that in all four equations the standard error is numerically close to
the o, coefficient — reserve; whereas, the standard errors associated with the o, coeffi-
cients arc consistently different by an order of magnitude. This leads to the conclu-
sion that the «, coefficients do not significantly differ from zero; thus, equations 6
through 9 should be rewritten in terms of two rather than three variables. The four
new equations, which have revised cocfficients computed exclusively from the y and
X, data, plus their corresponding multiple R? values are as follows:

SV—Casc A: vy, =0.21667 + 0.00016 x,; R? = 0.9043 (10)
(0.00001)

SV—Case B:  y, =0.18095 + 0.00014 x, ; R? = 0.9401 (11)
(0.00001)

MAV—Casc A: y; =0.15952 + 0.00013 x,; R? = 0.9796 (12)
(0.00000)

MAV—Case B:  y, =0.12143 + 0.00013 x, ; R? = 0.8882 (13)
(0.00001)




Equations 10 through 13 may be used to estimate the SV’s and MAV’s
appropriate for an offshore pipcline of any length within the 1,000- to 5,000-foot
range, given any fuel reserve objective within the 10- to 30-day range employed in the
model. The reader is cautioned against yielding to the temptation of using the equa-
tions to predict SV’s and MAV’s outside the range of pipeline lengths and reserve
objectives actually investigated in this study. The results obtained under sueh eondi-
tions will probably depart from reality to a substantial degree; this is a risk associated
with extrapolating potentially nonlinecar functions using a linear approximation.
Though the four regression equations aceount for 89 to 98 pereent?® of the variations
in y, this excellent predictive ability is almost certain to fade quickly as one extrapo-
lates farther and farther outside the range of variables actually investigated. A number
of other relationships now may be investigated in anticipation of obtaining a fuller
comprechension of the factors which influence the operation of the mooring and
unloading line.

A substantial portion, i.c., 95 percent, of the total variation in the six SV’s
corresponding to the 5,000-foot pipeline length is accounted for in the relationship
between the SV’s and the required daily delivery rates per system during the initial
period; the latter values are found in Table 10. While the eonsistency of the relation-
ship was examined for only a small portion of the available observations, this relation-
ship would be expected to prevail throughout, a position supported through visual
examination. Another way of stating the preceding is that two linear expressions may
be written which predict the SV: the first in terms of the pipeline length and the
second in terms of the required daily delivery rate per system. In both cases, the pre-
dicted SV’s would be exeellent estimators of the SV’s obtained from the simulation.

The presence of two parallel relationships is logically pleasing since the fuel
demand allocated to each system is based on the number of systems required if a
5,000-foot-long pipeline is used. Thus, a system with a pipeline shorter than 5,000 feet
faces the same demands as does a system with a 5,000-foot line; however, shorter lines
possess a greater throughput capability than the comparable capability of a 5,000-foot
line. This inereased throughput capability permits systems with lines shorter than
5,000 feet to restore their fuel reserve levels mueh more quickly after a failure, or
series of failures, than eould a system with the longer, 5,000-foot, line.

A final examination of information previously acquired discloses that a
correlation of + 0.9995 exists between the minimum aceeptable availabilities (MAA)
and the expected number of fuel interruptions given a 5,000-foot pipeline and the
corresponding specified values. The actual numerical values for the two variables
corresponding to the six system configurations examined are summarized in Table 17.

= Percent is found by multiplying the multiple R? values by 100.
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Table 17. Minimum Acceptable Availabilities and Expected Fuel Interruptions

Reserve Minimum Acceptable Expected Number of

Objective Availability(?) Fuel Interruptions(?)
(days) Case A Case B Avg Case A Case B Avg
10 0.94 0.78 0.86 0.42 0.67 0.55
20 0.99 0.85 0.92 0.68 0.88 0.78
30 0.95 0.84 0.90 0.58 0.83 0.71

() Availability as used throughout this study is defined as total cumulative demand during the initial period (from
demand models) divided by the constrained cumulative throughput of all the deployed systems (constrained
cumulative throughput for one system (Table 9) times the number of systems). These values were first pre-
sented in Table 10.

(b) From Appendix C, the number of fuel interruptions given a 5,000-foot-long pipeline and the SV’s listed in
Table 14.

With this, the investigative portions of the study have been completed. The
conclusions which follow will address the system configurations which best service the
various situations. The derived SV’s and MAV’s also will be presented and discussed in
relation to the system requirements document. Lastly, generalizations distilled from
this study of offshore moorings and unloading lines as a generic class of system will be
outlined as will areas worthy of future study.

VI. SUMMARY AND CONCLUSIONS

18. Summary and Conclusions. The effort expended thus far has consisted of
formulating a mathematical model for a logistical system comprising a mooring,
unloading, and conveying means. The system is one intended to transport liquid pro-
ducts — fuel in this specific instance — from a point offshore to a point onshore. The
model’s structure permits the specification of demand rates and a number of variables
which modify the supply rates; once an appropriate failure distribution has been identi-
fied, the model also accommodates the physical imperfections invariably associated
with manmade systems.

The primary study objective articulated at the very beginning of this work
was establishment of SV’s and MAV’s; the mathematical model was formulated
expressly to fulfill that objective. Single-system capabilities were investigated as was
the impact which various fuel reserve philosophies had on the number of systems re-
quired. It eventually became possible to establish how many systems were required to
accommodate the fuel consumption needs of light and heavy corps whose deployment
and operation are described in two TRADOC-approved senarios. Six separate cases,
which embodied a suitable mixture of characteristics, were identified and investigated
in detail using the model; the six are listed in Table 13. Fuel reserve objectives of 10,
20, and 30 days are reflected in the six cases, as are six pipelines ranging from 1,000 to
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5,000 feet in length.

Through this mechanism, it was subsequently detcrmined that the predicted
number of fuel interruptions varied little, if any, regardless of whether a 10-, 20-, or
30-day fuel rescrve objective was specified. This observation combined with the
knowledge that implementation of a 30-day reserve objective would require three more
systems than would implementation of the lesser 10-day objective clearly identified the
preferable alternative. Attention is, therefore, focused on two of the original six candi-
date system designs selected for investigation. Choosing between the two remaining
designs is also straightforward, with case B (six systems) favored over case A (five sys-
tems); the slight cost increase associated with the choice of case B is mitigated by the
observed reduction in SV’s and MAV’s obtained through the use of one system more
than the theoretical minimum. While representing a qualitative consideration, case B
also merits attention if hostile forces arc considered capable of posing a threat to
friendly fuel reserves. Given the preceding and the residual uncertainty inherent in the
basic problem, cndorscment of the slightly more expensive case B design would appear
prudent. The optimal fuel delivery system configuration appropriate for a heavy corps
now has been firmly established on the basis of a rigorous analysis; that configuration
is illustrated in Figure 11.

The numerical SV’s and MAV’s sought from the outsct now may be

computed from equations 11 and 13, respectively ; the results of such computations are
listed in Table 18.

Table 18. System SV’s and MAV’s

Pipeline Length SV MAV
(ft)

1,000 0.32 0.25
2,000 0.46 0.38
2,500 0.53 0.45
3,000 0.60 0.51
4,000 0.74 0.64
5,000 0.88 7

The second objective articulated was the study of offshore moorings and un-
loading lines as a generic class; this objective was pursued in hope of identifying general
characteristics of such systems. This parallel effort was possible and in fact comple-
mentary since the process of model formulation necessarily addresses and renders
cxplicit many of the factors peculiar to such systems. A number of conclusions was
reached, some of which have application to the current system; others merit attention
because of their utility in focusing attention on variables which might otherwise be
ignored. The observations reflected in the remainder of this section summarize obser-
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vations made as the study progressed; they gencrally follow the order in whieh the
same or related topies originally appear.

One primary difference between the hybrid scenario developed and the two
TRADOC scenarios is the imposition of the requircment that all fuel deliveries must be
conveyed through Multileg Tanker Mooring Systems. Just as the TRADOC scenarios
abstract the problem of conveying fuel from ship to shore by postulating the existence
of suitable and available facilities whieh are not subject to unfavorable weather, the
hybrid scenario excludes any such facilities. Actually, a given situation may involve
both existing moorings and unloading lines and Multileg Tanker Mooring Systems, each
with their respeetive strengths and weaknesses. Existing systems might be reasonably
expected in the vicinity of commercial ports; such ports are generally sited in protected
reaches of coastline where they automatically shield moored vessels from adverse
weather. In such cases, average flow rates would be greater than eomparable rates
recorded at a facility off an undeveloped portion of coast; a vessel moored in the latter
location generally would be afforded little protection from wind-, wave-, and current-
induced mooring forces.

Very early in the analysis it was determined that if a fuel reserve was to be
accumulated the deployed fuel delivery resources would be placed under greater stress
during the initial period than during the subsequent period. This situation arises
directly from the need to convey a volume of fuel during the initial period which is
equivalent to the summation of fuel consumption plus a contribution to reserve; a
volume equivalent to consumption alone must be conveyed during the subsequent
period.

A further observation is that a larger number of tankers, i.e., six, would be
required to fuel the heavy corps during the initial period, with four tankers required
during the subsequent period. A change in composition of each system, i.e., associa-
tion of one mooring with two unloading lines, would halve the required number of
tankers. This is so since the unloading line throughput capacity is the “limiting bottle-
neck’ in the system as it currently exists. The tanker’s pumps are theoretieally capable
of diseharging at a 24,000 bbl/h rate if suitable unloading lines are available. There-
fore, it becomes readily apparent that the unloading line associated with virtually any
military mooring will always limit the flow to a rate far below the theoretieally
possible rate; one possible means of increasing the fuel delivery throughput from eaeh
mooring placed would be the use of multiple pipelines of a sizec eompatible with rapid
movement and placement. Of course, it must be acknowledged that upgrading the pre-
sent system from one to two unloading lines could not be aceomplished summarily ;
such a major change in system configuration eould be introduced only after an exten-
sive modification, test, and evaluation effort.
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A second modification of merit also presents itself, and that is reduction of
the unloading line’s internal friction factor by the application of an internal coating to
the pipe at the time of its procurement. These two changes, while not feasible at this
particular moment, would do much to reduce the fuel delivery bottleneck, thereby
leading to a reduction in the number of tankers and systems otherwise required.

Weather was identified as a factor with a major role in establishing how
many systems were required to support the postulated friendly force. It is pointed out
that the conclusions drawn regarding the required number of systems are predicated on
the mooring being available 40 pereent of the time during the initial period and 70 per-
cent during the subsequent period as far as weather is concerned; physical failures
would naturally preclude use of the mooring from time to time regardless of weather.
Should the hypothetical friendly force be deployed to a region where seastate 3 or
greater oceurs more than 60 percent of the time during the first month or more than
30 percent during the second and third months, it would be neeessary to deploy
greater numbers of mooring systems than the numbers presented herein; in both
instances, performance is assumed to be maintained at equivalent levels. Conversely,
if a region was subject to seastate 3 or greater less frequently than the oceurrence rates
used here, fewer systems would be required to sustain performance.

The number of systems required could be reduced if the mooring could
accommodate a tanker in seastates up to 3 vis-a-vis the present seastate-2 ecapability.
This would increase the mooring’s actual availability — in terms of weather — from an
estimated 40 percent to approximately 55 percent of the time during the worst month
of the year; weather-derived availability on an annual average would be inereased from
between 50 and 65 percent of the time to 85 percent of the time as a result. The in-
creased theoretical throughput would make it possible to deploy fewer systems with a
commensurate savings in cost and engineer resources.

While not specifically addressed in this study, the physical characteristics of
numerous landing beaches from throughout the world have been subjected to statistical
analyses.?* * Landing beaches are reaches of coastline identified as nominally suitable
for amphibious operations; the physical characteristics which make a coastline
amenable to amphibious operations, e.g., relative absence of offshore and onshore
obstructions, suitable offshore gradient (not flat), and onshore trafficability, are
closely coincident with the characteristics sought when selecting a site for a mooring
and unloading system. This apparent digression becomes relevant when the question is
asked: How often will a tanker be able to approach within 5,000 feet of shore as
required if it is to unload its eargo given use of the Multileg Tanker Mooring System or
the navy-developed buoyant hoselines and submarine pipelines?

24 p, Scott, Statistical Properties of Assault Land Beaches, Report C2892, Naval Ship Rescarch and Develop-
ment Laboratory, Panama City, Florida, January 1969, p. 281.

25 F. Cevasco, Landing Beach Study, U.S. Army Mobility Equipment Research and Development Center, Fort
Belvoir, Virginia, Unpublished Report.
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If tankers of 25,000 DWT or larger are used to deliver fuel to friendly forces,
water depths of approximately 42 feet will be required for safe operation. A pipeline
5,000 feet long would extend to water of the necessary depth only approximately 66
percent of the time. A capability to place pipelines further than 5,000 feet offshore
would result in such a system being capable of servicing an increased percentage of
sites which are suitable on the basis of all criteria other than gradient. However, it
must be noted that each unit increasc in length will return a smaller percent increase
in landing beaches potentially serviceable than does the preceding unit increase — the
diminishing-return phenomenon.

1t should be further acknowledged that the 25,000-DWT tanker, while it is
the maximum size which the Multileg Tanker Mooring System may safely accommo-
date, is also the smallest size tanker which the MSC will provide. The mooring could
handle slightly larger tankers which are partially loaded; however, the preferable
approach is development of a second generation mooring which trades off some of the
transportability charactcristics of the present system in exchange for an ability to moor
tankers of larger size under more demanding sea conditions.

Further improvements in system effectivencss — a proxy variable for mission
reliability and, in this case, also a proxy variable for explosive anchor performance —
depend primarily on the acquisition of additional knowledge of explosive anchor per-
formance and on the physical parameters which affect that performance. Additional
rescarch efforts would be expected to benefit both the current system and any future
military system which employs explosive anchor technology.

Effectiveness of the Multileg Tanker Mooring System could be improved by
substituting the larger XM-200 explosive anchor for the smaller XM-50 actually used.
This oecurs since the larger anchor’s static failure load is at least twice the static failure
load of the smaller XM-50. Given that we would have the same induced mooring loads
and a doubled static failure load should the XM-200 anchor be used, the ratio of the
mooring load to the static failure load, would be smaller in magnitude than would the
comparable ratio for the XM-50. Using Bemben’s findings, which relate that ratio to
projectile creep rate, it is coneluded that use of the XM-200 in this application would
increase the mission reliability. In defense, it must be noted that such a possibility
was scriously considered during the early phases of development and rejectcd because
of the rigorous transportability requirements. A second reason for rcjection was the
minimal resources available to the military organization charged with responsibility to
place the system; future development programs may permit such an approach.

System effectiveness depends on anchor performanee, which in large part

depends on soil type (see Figure 6). Thus, a system with a short pipcline may perform
adequatcly if the anchors are in mud but only at the expense of replacing numerous
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anchors which fail. It would, therefore, be desirable to derive new expressions for SV’s
and MAV’s which include two explanatory variables, i.c., pipeline length and a second
variable representing soil property.

While knowledge of explosive anchors is poor for static loading conditions,
present knowledge of performance under dynamic conditions is. primitive at best. An
expanded knowledge of dynamic behavior would do much to dispell the uncertainty
which pervades any attempt such as this one to predict or plan the configuration of
offshore systems responsive to rapidly changing military requirements; this same factor
prevents widespread commercial application.

As also noted in the study, the accuracy with which the time history of
mooring loads applied by tankers may be predicted also leaves much to be desired.
The utility of obtaining mathematical models and actual data for multileg moorings is
admittedly questionable; however, it would be appropriate to investigate the existence
of models which describe advanced moorings of the single-leg type. This latter class of
mooring would have to be chosen if tankers greater than 25,000 DWT are to be held
reliably in a seastate 3.

While not given explicit attention, the onshore effort necessary to erect
storage containers will be extremely demanding. The combination of offshore/onshore
work dedicated to fuel delivery and storage will involve substantial sums as well as con-
siderable engineer resources. Reduction of fuel reserve objectives to the lowest ade-
quate levels vould do much to ameliorate the high cost and extensive personnel
requirements associated with the provision of such facilities. With this, the study is
complete having answered the questions posed at its initiation. However, it must be
noted that the study has also surfaced a number of related issues which warrant further
investigation, a situation not uncommon when complex systems embodying numerous
variables are studied.
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APPENDIX A

FUEL CONSUMPTION AND FUEL DEMAND DATA
Table A-1. Daily Consumption—Light Corps

Army Daily AF Daily Total Daily
Consumption Consumption Consumption
Day (gal/d) (bbl/d) (gal/d) (bbl/d) (gal/d) (bbl/d)
1 165,184 3,933 372825 8877 538,009 12810
2 49 2 kL] 29 " "
3 " L)) 2 " ko ”»
4 0" 21 " " " 7
5 2" " " 2 " %
6 v " 368,626 8,777 533810 12,709
7 " " " " " 2%
8 " " " " " ”
9 o " " " " ”
10 370,704 8,826 v - 739,330 17,603
l l k2 ” 2 " 2 "
12 v v a i ” »
13 ” " 2" 2" " "
14 " i 2 " " "
15 497,723 11,851 v v 866,349 20,627
16 " v v ” " ”
17 " ” " " " "
18 " v v ” v v
l() " " sl " " "
20 v ” ” . = v
21 ” " " " 2" "
22 7 ” " ”» " "
23 754,757 17,970 v v 1,123,383 26,747
24 ”» ” " " " ”
25 " v " v v b
26 " 2" ” ” " "
27 v v v b = v
28 v v v v v v
29 " " M " ”" "
30 " v ” v v "
31 " v 335,957 7,999 1,090,714 25,969
32 ” " " " " "
33 ”" " ” i " ™
34 829,554 19,751 ” " 1,165,511 27,750
through

44

45 918,988 21,881 v ” 1,254,945 29,880
through

90
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Table A-2. Daily Consumption—Heavy Corps

Army Daily AF Daily Total Daily
Consumption Consumption Consumption
Day (gal/d) (bbl/d) (gal/d) (bbl/d) (gal/d) (bbl/d)
1 0 0 372,825 8,877 372,825 8877
2 0 0 v ” ” v
3 0 0 ” " ” J
4 4,030 96 v o 376,855 8,973
5 ” » " " ” ”
6 20,544 489 368,626 8,777 389,170 9,266
¥ 80,721 1,922 ” " 449 347 10,698
8 " k2] ” ” b ”»
9 ” " ” ” " ”
10 154,654 3,682 " ” 523,280 12,459
11 ”» " " kL » "
12 " " ” " ”» "
13 ”» ” " ” " »
14 7 " Y » ” ”
15 354,474 8,440 " v 723,100 17,217
16 2" ” ”» ” " "
7 " ” " ” ” ”
18 " " ” ” " ”»
19 450,158 10,718 ” ” 818,784 19,495
20 466,514 11,108 ” v 835,140 19,884
21 ” ” ” 3 = ”
22 " » ” " ”» ”"
23 - = - " - ”
24 - % = = ” -
25 607,969 14,476 " ” 976,595 23,252
26 2 ” " » " "
27 ”» " ”» " 2" ”
28 607,939 14,475 ” L 976,565 23,251
29 " ” ”» » ”» ”
30 708,493 16,869 " ” 1,077,119 25,646
31 739.254 17,601 335,957 7,999 1,107,880 26,378
32 805,440 19,177 v ” 1,174,066 27,954
33 807820 19,234 ” ” 1,176,446 28,011
34 863,238 20,553 ” ” 1,231,864 29,330
35 880,061 20,954 v " 1,248,687 29,731
36 982,344 23,389 " ” 1,350,970 32,166
37 1,015,756 24,185 ” ” 1,384,382 32,962
38 " 2" " ” ” ”»
39 1,073,930 25,57 ” v 1,442,556 34,347
through

54

35 1,105,472 26,321 ” ” 1,474,098 35,098
through

90
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Table A-3. Cumulative Demand (10-Day-Reserve Case)—Light Corps

Cumulative Consumption — Cumulative Contribution To
Day Post-Day 4 10-Day Reserve Total Cumulative Demand
(bbl) (bbl) (bbl)

4 0 0 0
5 12,810 10,643 23,453
6 25,519 21,286 46,805
7 38,228 31,930 70,158
8 50,937 42,573 93,510
9 63,646 53,216 116,862
10 81,249 63,859 145,108
11 98,852 74,503 173,355
12 116 455 85,146 201,601
13 134,058 95,789 229,847
14 151,661 106,432 258,093
15 172,288 117,075 289,363
16 192,915 127,719 320,634
17 213,542 138,362 351,904
18 234,169 149,005 383,174
19 254,796 159,648 414,444
20 275423 170,291 445,714
21 296,050 180,935 476,985
22 316,677 191,578 508,255
23 343,424 202,221 545,644
24 370,171 212,864 583,035
25 396,918 223,507 620,425
26 423,665 234,151 657,816
27 450,412 244,794 695,200
28 477,159 255,437 732,596
29 503,906 266,080 769,986
30 530,653 " 796,733
31 556,662 v 822,742
32 582,591 " 848,671
33 608,560 @ 874,640
1 913,810 " 1,179,890
90 2,288,290 v 2,554,370

65




Table A4. Cumulative Demand (10-Day-Reserve Case)—ltcavy Corps

Cumulative Consumption—

Cumulative Contribution To

Day Post-Day 4 10-Day Reserve Total Cumulative Demand
(bbi) (bbl) (bbl)

4 0 0 0
5 8,973 11,441 20414
6 18,239 22,882 41,121
7 28,937 34,323 63,260
8 39,635 45,764 85,399
9 50,333 57,205 107,538
10 62,792 68,645 131,437
11 75,251 80,086 155,337
12 87,710 91,527 179,237
13 100,169 102,968 203,137
14 112,628 114,409 227,037
15 129,845 125,850 255,095
16 147,062 137,291 284,353
17 164,279 148,732 313,011
18 181,496 160,173 341,669
19 200,991 171,614 372,605
20 220,875 183,054 403,929
21 240,759 194,495 435,254
22 260,643 205,936 466,579
23 280,527 217,377 497,904
24 300,411 228,818 529,229
25 323,663 240,259 563,922
26 346,915 251,700 598,615
7 370,167 263,141 633,308
28 393,419 274,582 668,001
29 416,671 286,022 702,693
30 442317 " 728,339
31 468,695 " 754,717
32 496,649 " 782,671
33 524,660 " 810,682
34 553,990 " 840,012
35 583,721 " 869,743
36 615,887 b 901,909
37 648,849 934,871
38 681,811 v 967,833
54 1,231,363 " 1,517,385
90 2,459,793 " 2,745,815
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Table A-5. Cumulative Demand (20-Day-Reserve Case)—Light Corps

Cumulative Consumption—

Cumulative Contribution To

Day Post-Day 4 20-Day Reserve Total Cumulative Demand
(bbl) (bbl) (bbl)

4 0 0 0
5 12,810 21,286 34,096
6 25,519 42,57 68,092
i 38,228 63,859 102,087
8 50,937 85,146 136,083
9 63,646 106,432 170,078
10 81,249 127,719 208,968
11 98,852 149,005 247857
12 116,455 170,291 286,746
13 134,058 191,578 325,636
14 151,661 212,864 364,525
15 172,288 234,151 406,439
16 192915 255,437 448,352
17 213,542 276,723 490,265
18 234,169 298,010 532,179
19 254,796 319,296 574,092
20 275,423 340,583 616,006
21 296,050 361,869 657,919
28 316,677 383,156 699,833
23 343,424 404,442 747,866
24 70,171 425,728 795,899
25 396918 447,015 843,933
26 423,665 468,301 891,966
27 450,412 489,588 934,000
28 477,159 510,874 988,033
29 503,900 532,161 1,036,067
30 530,653 ” 1,062,814
31 556,602 " 1,088,823
22 582,591 - 1,114,752
33 608,560 - 1,140,721
44 913,810 = 1,445,971
90 2,288,290 u 2,820,451
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Table A-6. Cumulative Demand (20-Day-Reserve Case)—Heavy Corps

Cumulative Consumption— Cumulative Contribution To
Day Post-Day 4 20-Day Reserve Total Cumulative Demand
(bbl) (bbl) (bbl)

4 0 0 0

5 8,973 22,882 31,855

6 18,239 45,764 64,003

7 28,937 68,645 97,582

8 39,635 91,527 131,162

9 50,333 114,409 164,742
10 62,792 137,291 200,083
11 75,251 160,173 235424
12 87,710 183,054 270,764
13 100,169 205,936 306,105
14 112,628 228,818 341,446
15 129,845 251,700 381,545
16 147,062 274,582 421,644
17 164,279 297,463 461,742
18 181,496 320,345 501,841
19 200,991 343,227 544,218
20 220,875 366,109 586,984
21 240,759 388,991 629,750
22 260,643 411,872 672,515
2 280,527 434,754 715,281
24 300,411 457,636 758,046
25 323,663 480,518 804,181
26 346,915 503,400 850,315
27 370,167 526,281 896,448
28 393,419 549,163 942,582
29 416,671 572,045 988,716
30 442317 % 1,014,362
31 468,695 " 1,040,740
32 496,649 ” 1,068,694
33 524,660 e 1,096,705
34 553,990 ” 1,126,035
35 583,721 ” 1,155,767
36 615,887 ” 1,187,932

7 648,849 v 1,220,894
38 681,811 ot 1,253,856
54 1,231,363 2 1,803,408
90 2,459,793 - 3,031,838
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Table A-7. Cumulative Demand (30-Day-Reserve Case)—Light Corps

Cumulative Consumption— Cumulative Contribution To
Day Post-Day 4 30-Day Reserve Total Cumulative Demand
(bbl) (bhl) (bbl)

4 0 0 0
5 12810 31,930 44,740
6 25,519 63,859 89,378
7 38,228 95,789 134,017
8 50,937 127,718 178,656
9 63,646 159,648 223,294
10 81,249 191,578 272,827
11 98,852 223,507 322,359
12 116,455 255,437 371,892
13 134,058 287,367 421,425
14 151,661 319,296 470,957
15 172,288 351,225 523,514
16 192915 383,156 576,071
17 213,542 415,085 628,627
18 234,169 447,015 681,184
19 254,796 478,94 733,740
20 275423 510,874 786,297
21 296,050 542804 838,854
22 316,677 574,733 891,410
23 343,424 606,662 950,087
24 370,171 638,593 1,008,764
25 396,918 670,522 1,067,440
26 423,665 702,452 1,126,117
27 450,412 734,381 1,184,793
28 477,159 766,311 1,243,470
29 503,906 798,241 1,302,147
30 530,653 v 1,328,894
31 556,662 v 1,354,863
32 582,591 " 1,380,832
33 608,560 v 1,406,801
44 913,810 v 1,712,051
90 2,288,290 v 3,086,531
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Table A8. Cumulative Demand (30-Day-Reserve Case)—Heavy Corps

Cumulative Consumption—

Cumulative Contribution To

Day Post-Day 4 30-Day Reserve Total Cumulative Demand
(bbl) (bbl) (bbl)

4 0 0 0

5 8973 34,323 43,296

6 18,239 68,645 86,884

7 28,937 102,968 131,905

8 39,635 137,291 176,926

9 50,333 171,614 221,947
10 62,792 205,936 268,728
11 75,251 240,259 315,510
12 87,710 274,582 362,292
13 100,169 308,904 409,073
14 112,628 343,227 455,855
15 129,845 377,550 507,395
16 147,062 411872 558,934

7 164,279 446,195 610,474
18 181,496 480,518 662,014
19 200,991 514,840 715,831
20 220,875 549,163 770,038
21 240,759 583,486 824,245
22 260,643 617,809 878,452
23 280,527 652,131 932,658
24 300,411 686,454 986,865
25 323,063 720,777 1,044,440
26 346,915 755,099 1,102,014
27 370,167 789,422 1,159,589
28 393419 823,745 1,217,164
PAT) 416,671 858,067 1,274,738
30 42317 " 1,300,384
31 468,695 " 1,326,762
32 496,649 " 1,354,716
33 524,660 ” 1,382,727
34 553,990 " 1,412,057
35 583,721 " 1,441,788
36 615,887 - 1,473,954
37 648,819 1,506,916
38 681,811 " 1,539,878
54 1,231,363 " 2,089,430
90 2,439,793 . 3,317,860
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APPENDIX B

SIMULATION PROGRAM

PROGRAM CeVASCO(INPUT «UUTPUT«TAPEZ2 +TAPEL=INPUT « TAPE 3=0UTPUT)

CuMmMuN DELL sLELZ2
CUMMOn NUSo JUVFLO(100) oF 98UP s FULMAX
CuMMON AUP(100) « XDUWN(100) « XUPPER(100) «XD(LO0U)«TP(100) +NO
COMMUN TIMEL(100) o TIMEC(L100) 9 TIMELL(L100) o TIMEZ2(100) «TTAP,TI1
CUMMON XXMo KMo XNE T o XNETY
TYPE REAL ~F (200) +NZ(200) oNMR(200)
DIMENSION STATI(8)«STATZ(8)STAT3(H)
1PUT=]
READ(1¢501) Nvar
501 FORMAT(]3)
DO 2000 MOUR=]NVAR
VO 10 [=]1e100
[uvFLU(T) =0
R IS THE rRELIAGILITY
UT IS Tht TIME INTERVAL
NS IS THE NuMseR OF SIMULATIUNS
VEL IS THt DELIVERY wATE Ptk HOUR
IUPUNL IS THE uUKAwWDOWN TINE, ALTERNATES wlTH lUKRDNZ,
IORONZ 1S THE URAWODOWN TIME, ALTERNATES wWITH IUROUNI].
XNHBF [S THt wUMdtr OF HOUKS otFOkt A FAILUKE CAN OCCUR,
FULMAX IS THE MAX]IMUM FUEL ON HAND
KEAD(1¢500) HoUTeNSeDELL+OEL2+sIDRDNL+ TORDNZ o XNHBF o FULMAX ¢ CONS1 o
x  CONSZ2
500 FORMAT( 2Fl040013¢ 2F7.00215+F5.0sF10s042F7.0)
XM IS CONSUMPTIUN RATE
kM = CUNSL/26,
XXM = CONS2/24.
N = 30/07
ANET = (DELL1®N)=—(XM®N)
ANETY = (UEL2ON)=(AXMeN)
ALAMBUA==ALUG(R) /30,
PUT = 1,0 = EXP(=ALAMBUA®UT)
N IS THE NUMBEx UF RANUOM NUMOERS REQUIRKED FOR A 30 HOUR MISSION
XLAMbUA [S PRUBABILITY PER UNIT TIME FOR SYSTEM FAILURE
POT IS PRUHBABILITY OF FAILUKE DURING TIME INTERVAL OT
WRITE(3e600)
400 FORMAT(1Rle2A¢®RESULTS OF MULTI=LEG MOORING SYSTEM SIMULATIUN®)
wKITE(3e¢405) RUT
4US FOSMAT(IHO SR PRELIABILITY IS®4F6,2¢5Xe®*SAMPLING INTERVAL ISe,
1 F6,2)
WRITE(3ea10) S
410 FORMAT(1HO«SKA+ONUMBER OF SIMULATIONS 1S*,110)
wHITE (34415) XLAMHDA
415 FOSMAT(IHO+5X«®*PROFJABILITY PER UNIT TIME FUR SYSTEM FAILURE®,
1 F10.4)
IF(IPUT.NEL]1) GO TU )02
wrlTF (34020) POT
420 FURMAT(1HOsDA¢2PROSAKILITY OF FAILURE DURING TIME INTERVAL DT®,
1 FlO.4)
WHITE(3e430) DELI«OELZe IUKDN]L « 1DRONZ 9 XNHBF

XRSTO4F7,0e® HOURS®)
wRITE(3+2010) FULMAX

2010 FOWMAT({ @ THt MAXIMUM FUEL ON HAND IS ®y F9.1 )
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GyHB
GJHY
GUHB

GuHB
GJHB
6JHB

FURMAT(lrMOeoTAE DELIVERY RATE 1S®e2FT.0¢/7+® Tht URAWDUWNS IN REODUCE
xU UELIVERY CYCLE ARE®«Z1Ss/9® A FAILURE CANNUT OGCUR wITRHIN THE F1




60

63

70

73

80

as

90

95

100

105

WRITE(342020) CONS1.CONS2

2020 FORMAT( ® THE CONSUMPTION RATE FOR FIRST 2% DAYS IS ®s F6,04/,

o000

2]

X ® THt CONSUMPTION RATE AFTER 29 DAYS IS oy F6.0)
102 DO 1000 NO5=1sNS

i
h’]
»
i
cocoil o

/07 GJUHB

€0LD=0 GJHB
ISWTCH=0 GJHB
510 y =0

Iy = 0
TTAP = TTA
NJ=(2064.,-TTA)/48.,%30./0T
520 RN = RANF (DUM)
IF(J.GE.NJ) GO TO 990
J = Jel
IF(IPDT.NE.1) GO TO 100
101 IF(RN.GT.PUT) GO TO S20
IF(K.,GT.0) GO 70 521
IF(JeLTeLy) GO TO 520
IF(IPOT.NE.]1) GO TO 103
521 wRITE(2+600) RN
600 FORMAT(lH=9SX+®*RANDOM NUMHER [S*¢F10.4)
WRITE(2+605) NOS
605 FORMAT (1M +5K+®SIMULATION NUMHBER®,14)
K = K¢l
WRITE(2+610) KodJ
610 FORMAT(IH ¢SXe®SYSTEM FAILURE NUMHBER®¢I6+5Xs *NUMBER OF RANUDOM NUMB
1ERS USED®*,110)
NM = J/N
XNM = FLOAT(J)/FLOAT(N)=NM
K 1S FAILURE CUUNT
NM IS NUMBER OF COMPLETE 30 HUUR MISSIUNS
XNM IS PORTION OF INCOMPLETE 30 HOUR MISSION
PUMP TIME BETWEEN FAILURE KeK=1
TP(K) = JoOT
TIME INTO INTERRUPTED 30 HOUR MISSION AT FAILURE
TI = XNMepTe30,
ACCUMULATED PUMPING TIME
TPA = TPA + TP(K)
ACCUMULATED TIME TO DATE=UP TO TIME OF FAILURE MISSION
TTD = 1B.®NM+TP(K)=TI
ALTERNATES BETwEEN SHORT AND LUNG FAILURES GuHH
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114

144

1a%

160

165

140

169

179

1}

LV ad

t s
( Ml o= =iy
( v? = ol
C &alL raltyurdes slit ot UF SHUKRT VARJETY GUHH
( vi=y GUHB
ML Fajeures sl ne UF LUbho VakIelY
Mi=0
C acLliMyLaTey kerale 1IMe FOW g FAJLUWES
T«4a = [La+Zu,em]Pan,
L4 NLEE |
JA=)

1F (TleLE.2%e) JM=0

C UDWNTLIMF Ar Tew KTh FALLURE
TIY = M, o(Mle])euvela,=11

C ACLH=nLATEL Luwwl IME Tu STAKRT UF NEXT PUMPING SEWUENCE AFTER KTH FAILURE
Ti48 = TIMaslB.@NMeT]N

AYRUTRE TICAL rUeL UN HalNp AT TTA LESS PARTIAL MISSION

Fea = Fo NeL le(TP(R)=T])=CunSleTTU/24,
JULUZOULD +NM
Ir(TTaLE.600,4) U TU S30

I (TTar ,0cebV0. ) FH=FH=LUNS]®TTD/26. GUHH
LFE(TTaP LTeb00 ) FASFH=CONSI®(TTD=(600,=TTAP)) /24, GJUHH
) T 240

1IN0 Nuz=mse])
TH=nSeUT

IF(TF 6T, 304) TF=0
PuT=/19.2TF® () o=x)
Gu T U]
103 werlTH (2escu) PUT
HYH=0 ‘
Goa TN 21
S30 1T = [Tuesllap
IFITTR.Lt«b0UL) GU TO Se0
Ta = TTH=h0U,
Fra = Fr=CunSleTxscs,

4 IF(Frelts FULMAR oaNDe ISWTCH,EUW.0) GO TU S35 GJHB
C exCe>s Fuel DELIVENEU
1°2=0
JI=A GuHB
Ja=1Q GJHY
IF(]>eTCH .rti, 1) LO TO bI10
I54TCH=] o) GJHR

IP=dnLi=Nm

FX = FULMax

DO A0 YA=lely

Je=Jh-|

FX=FR-UtL 13U+ CUIS]®,,

IF(FreLT U.U) GU TO BlU
"0 CueTINUE GJHB

Du »0U JA=]e3]

JY=UA

FASFA=DELC® 30, +CONS207

IF(FXLT,0a0) VO Tu 8l06

A1} CONT [NuE GJHB
In = Nomae~s OF TEME [aTewRvalS [N The REDUCEDL FUEL LELIVERY SEWUENCE, OJHB
Alo IR ER LN VER

TR CINGOT o) INZN™
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140

L2

190

UYS

2n0

205

220

2?5

IF (INGLESU) IN=N4
vid=1i

L NUMnb~ OF L6 mUUN LDRASVDOWNS
1JJ = ulJdre

C NuUMnEw UF 42 nUur URAJDOWAS
Ju2 = vlu=luv

TTa = TTUS(JuRDNLI=18.) 80624 ([URDON2=1R.) *IUJ+TIM+TI+TTAP GUHB
LL = ¢
IF(JUlJeBELL) LL=1
6Gu TO 550
535 TTa = 1T + Tim + TI + TTAP
LtL =0

b5 MO = ]
IF(LLetGel) VO TO 560
IF(TTAP.GE.600) GO TO S60
IF{TTA.LE.600) GO TU 551
172 = TTA=11mM
IrT3 = T1e-T1
IF(TT3.6E.600) OO TO 560
IF(TT2.6GE«nUU) LU TL 552
MO = 2
6Gu TO 551
952 MU = 3
561 CALL UPFUNE (NMoANMs TIMesTPA9TIMASTTAVBDOWN, LUWINZERQOIMO)
GO T SHO
560 CALL UPFURO(NMoXNMeTIMs TPA«TIMASTTACD+BDOWNILLY Ja2eIJJelLOWe
1 NZERUIORUNL « JDRDNZ) GJHB
SHO IF(TTALT.2064,) LU TU SH1O
N (NOS) = LUL
N2(NOS) = NZew0
N (NOS) = K=]
WoITE(2+620) LOW
n20 FURMAT(1H «SXe®NUMBER UF TIMES FUEL ON HAND DIPS BELUW MINIMUM RES
1E<vE LINE®.110)
wrITE (2e6¢5) NZERO
629 FUHMAT (1 +9Xe®NUMBER UF TIMES FUEL UN HAND DIPS BELOW ZERO®.110)
0O YO0 1000
990 WRITE(2+992)
992 FNRIMAT(IR0«2HIT ~ANDOM NUMHER LIMIT=-EXCESSIVE TIMte)
oL Tu o2l
1000 CUNTINUE
wRITE(3s1001)
1001 FORMAT(IHO+2X+2TOTALS FER SIMULATION®)
weITE (3e1002)
1002 FUIMAT(IHO«TS+®NUMBER OF FAILURES®¢T25¢ ¢NUMBEK BELOW MIN RESERVE®,
K TS2e¥NUMAER BELUW ZERU®.TT7]1e#NUMBER OF OVERFLOWS®)
wrelTE(3elU03) (onF (NUS) o Nk (NUS) o NZ (NOS) » TUVFLOINOS) 9 NOS=]14NS)
1003 FUNMAT(YX P 0ele20XeF 6o lBAIFH2918Xe13)
CALL BUSINF ¢NSeSTATL)
CALL RBUS(NMK NS STATc)
CaLL HUSINZenNSeSTATI)
wRITE (341004) STATI(1)«STAT2(1)«STAT3(])
wrITE(3elUUSD) STATI(6)«STAT2(6) +STAT3(0)
1004 FORMAT(IN=g IXoOMEAND o IXoFTo2018ReFT7e2916XeF7.2)
1009 FIORMAT(IH=e14e2SO®e3XeF 7,29 18XeFT7.2916XeF7,2)
2000 CONTINUE
STuP
End
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10

15

20

?5

3%

40

45

S0

-

c

sl aNoNaNaoRel

o

1]

29

SUERDUT [ivE JPFUNE (NMoXNMy  TIMe PATIMA9TTAyoLUANS  LUWNZERU ML)
COMMON DELLUELZ
CuMMON NUSe JOUVFLO(100) oFentUP«FULHMAX
COAMON AUP (LUU) 9 XDOWN [ 10U) 9 XUPPER(100) 9 AL (IGU) « TR(100) oNU
COMMON TIMELT(IO00) » TIME2(100) ¢« TIMELIL(IV0) s TIMEC2ULUN) o TTAPSII
CUMMON XAMeAMoXNETeXNETY

TTA IS LESS TrAN (x EWUAL 60U nOURS OF 25 UDAYS
LDUeN = F
WRITE(2.200) TiMeTHACTIMALTTA

200 FORMAT(IA o9X 9@ IMOPeF104Ce9X9RTHPARIFLN.Ce5XKe2TIMA®F10.205K0
1oTTA®WF10.0)
wRITE (Zel) NMeXNMeHDOwWNF

1 FURMATULIN 90Kk eONMP o T4 oS5 X OXANMOFd o4 s5Xs2BUUANTIFLUCoSXeoEosFlU.2)
T2 = TTAP
IF(NMLT. L) 60U TU 2e
un 1o IJy=]enm
P = QUWN + XNET
AUP(lY) = uv
Tl = T2+30.
TIMEL(1lU) = T
VDU4N = UP = XMe]R,
XN0OwWN(IJ) = UvOwN
T2 = Ti+la,
TIME2 (1Y) = T2
10 CunTiaNuE

Ul IS Tme NET vl IVERY AFTER tACH 30 HOUw MISSION AnD) VOWN IS FUeb ON

HAND AFTER EACH lo HOUR ULRAwWDUWN

BUF CALCULATES NET DELIVEKRY FUxk PARTIAL 30 ROUR MISSIUN aND HLUUWN CALCULATES
URAWUOWIN LURINGL FATLURE

24 6L TO(13e22423) M0
CHANGE IN URAwWUUWN UCCUKRS UUKING TIM
22 HUP = ANCTOXNM+DOWN
F = HUP=XMO (6UU=T2=T1)=(T1TA=60U.)®XXM
L0 TO 26
CHANGE IN DRAwWUORN UCCURS DUKINL PUMPING OF INTERWNUPTEU MISSIUN
23 XNX = (600.=-T2)/30.
XNY = ANM=xN2a
By = XNET#XNX+ XNETYRXNY+DOWN
F = HUP=T]MeXX™
6U TO ¢6
13 Rur = ANET@XNM+)0OWN
F = HUP=xMaTIM
26 TIP = T2+11
TIO = [IP+1Im
17 IF(NM.LTL 1) LU TO 29

DO 18 [J=leNM LJHB
[URD=1b Gurn
IFLxuP(1U).6Te FULMAXICALL FULLL(XUP«IORD e XUUWHeNMIJeTIMEL (1U))
wRITE(2929) AUF(L1J) «TIMELI(LJU) o IDKD o XNDOWN(IJ) e TIMEZ2(LY) GJHY
PS5 FOSMAT(6Ke2WtT DELIVERY AFTER COMPLETE MISSIUN®sF10e2e5Xe®TIME®,
XF1U0ePeDXel20¢% AOUR URAWDUWIN® sF10e2e9Xe®TIMER®GF10a2) LJHY

IF(BUP.OTFULMAX JCALL FULL2(BUPIDRDWF o T 1K)
WRITE (2+430) HUPWTIrPeFTIVL

30 FURMAT(6XeoNET OeLiverY AFTER PARTIAL MISSION®eF10,2¢5K90TIME2,
1FL0.2¢5Xs@DUNNT [ME DRAWDUWN®oF LU eSKe®TIME®r [0or)

75




hY

75

= &

L F 1S FUEL UN RAawu AT TIMt TTA
wF 1S RESEnVE FJEL LINE

c o

nF=FulLaX/ 3,
IF(TTRALEice8,.)
XHESFLILMAX/ 3o/ /624, %TTA
IF (FeGE4wr) GO O 19
LUy = LOwW+]
ax[TE(2ele) TTA

14 FORMATILR +2Xe®FUtL UN naAnNu DIPS BELOW REWUIRED MINIMUM RESERVE
1#4F10.2)
IF (FebEaUsu) GO TU 1Y
n = F + XMeTTA
AT = u/x4
NZERD = NLERO+]
wRITE(Z2e]l5) AT

1S FUMAT(1H «2X920RAaDOWN RITS ZERO AT HOUK®,F10,2)
r = 0.0

19 wt[Te (2+20) FonFoTTA

20 FoRmal (1lrt «9Xe9FUEL UN RAND®oF 10.2+SR9®*RESERVE FUEL REQUIRED®,
1F10e2e9X+2TUTAL ACCUMULATEU TIME®«F10.2)
nrOUWN = F
HETURN ) . .
£L
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25
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40
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&n
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SUSROUTINE UPFUNRD (WMo xNMe T [MeTPATIMATTAD sDUWNSLL s Jacgeldle

1 LUWNZERU [IURUN] o LDRDNZ)

COMMON DEL ] sUELZ

OJHB

COMMON NUSe [OVFLO(LUO0) oFosuPyFULMAK
COMMON KUP(100) « XDURN(LO0) o XUPPER (100} « XDCI00) «TPC100) 41U
COMMON TIMEL1(100) o TIMEZ (J00) 9 TIMELL(LOO) s TIMECCLIOU) o TTAPWTI

CUMMON XXMo XMoXNEToXNETY

C TTA [S MORE TranN 600 nuUKRS UR 25 DAYS

Te = TTAP
Kl = NM=(JsaZ2+10J)

WRITE (£+4200) TlMeTPASTIMALTTA
200 FORMAT(LH ¢SKs®TIMO4F10.205Xe2TPA®F10.209808TIMA®GF]10,2e¢5K0

[eTTA®.,F10.2)

WRITE(2e210) NMeXNMobUOWN oLLeFoJale Uy
210 FORMAT (LN oSA«ONMB, [0 eSReBANMO FH 4 ¢S e BHUUNNG 102054 02LL R0
19K 0F @oF10,2¢5X08J42% 9 15¢5Ke%[UJ]S)

IF (NOLGE.2) GO TO 94
Ny = 2

1P (174P ,GE.600.) GU TO 94

U = RUUWN
IF(KI.LTel) 0O TO 131

GJHB

C CHANGE [N URAWODUWN OCCuUKS btFURE START OF PARTIAL MISSIUN

TTL = 600.,=-TTAP

NM2 = TT1l/60,

TX = TTl=NM2%48,
IF(NM2.(T.l) 6O TO 92
DO 90 luK=] enme2

UPPER = DeXNET
AUPPER(IUK) = UPPER
Tl = T2+30. g
TIMELL(lun) = T1

D = UPPER-xMe]8,
Xxo(lux) =v
T2 = Tl+ls.

TIME22(IUR) = T2

90 CONTINUE

Y2 L1JR = NM2+])
IF(TX.LE.24.) GO TO 91
UPPER = D+ANET
U = UPPER=xM*]y,
GO TO 93

91 ZNET = (XNET®.b)+ (XNETY®,2)

urrtR = D ¢ INET
D = UPPER=XxXMolH,

93 Tl = T2+30,
TIMEQL C(Juk) = T
T2 = Tlely,
XUPPERLTUR)
AD(IUK) = D
TIMEZ2(TIUR)
KO = nM2+2
GO TO ¥5

94 K0 = 1
D =F
IF(NM.LT, 1) GO TO 113
GO TU 946

95 IF(KD.GT.NM) GO TU 113

UPPER

T2

1%




60

65

70

75

RO

RS

90

95

100

105

96

100

101

IF(XK1.LT.1) GO TO 131
DO 100 ITuxK=KX0.K]
UPPER = D + XNETY
XUPPER(IJUK) = UPPER
Tl = T2+3v.
TIMEIL(IUK) = T1

U = UPPLR = XXxMelH,
XD(Ius) =0

T2 = Tle+l8.
TIME22(IUK) = T2
CONT INUE

DO 101 IuK=]leK]
10RD=106

IF(XUPPER(IJK) +GTFULMAX )CALL FULL1(XUPPE™s JURDL XD K10 IUKy

X TIMELL(IUK))

WRITE(20130) XUPPER(IUK)¢TIMELL(IJK) ¢ IDRDoXD(IJK) +TIME22(IUK)

130 FORMAT (6X+®NET ODELIVERY AFTER COMPLETE MISSION®GF10.295Xy*TIME®,

131

XF10.,295X9 I29® ROUR DRAWDOWN®9F10e2¢5Xe®TIME®4F10.2)
12=TIME22 (K1)

D=xD (K1)

IF(LL.NE.1) 6O TO 113

C CALCULATE IURON]1 HOUR DRAWOOWN

111

114

T1=T2+30,

T2 = Tl+JORUN]

IF(Tlebkeb244)ALTUP=D+XNETY
TEFIT]1LE«600s)ALTUP=D+XNET
IF(TL.GTe60UceANDT].LTo624.) ALTUP=D+DEL]1%24,+DEL2®6,~(T1~600,)®
X XXM=(630,-T1)exM
IF(T2.GE642.)ALTO=ALTUP=(FLOAT(IDRDN]1)®XXM)
IF(T2LToe042.)ALTUSALTUP=(T2=600,)*XXM=(64C =T )® XM
IF(T2.LE.600)ALTO=ALTUP=(FLOAT(IDRDN]) #XM)

Jé2 = Jag-1

IDRD=]0RON]

IF(ALTUP.GTFULMAX )JCALL FULL2(ALTUP.I1DRD+ALTDST1)
WRITE (20114)ALTUP+T1+I0DRUALTDeT2

HGJHt
LI
GJrs
GJHH
6GJnB
GuHH

GuHy

6unB

LJHb

FORMAT ( 6Xoe *NET DELIVERY® 4F10e2+5Xo®TIME® oF10e205XKe[2¢® NOUR DRAGUHB

IWOUWN® s F10e295Xe®TIME®F10.2)
D = ALTO
IF(1JJ.LE.O) GO TO 113

C CALCULATE IDRONZ HOUR URAWDOWN

Tl = T2+30.

T2 = Tl+lurune

IF(T1.GEe6244)ALTUP=D+XNETY
IF(TleLEHOUC)ALTUP=D+XNET
IF(T]1eGTe0000eeANDoT]1oLT.624.)ALTUP=D4DEL]1®24,.+DEL2®6.~(T1-600,)"
X XXM=(630.~-Tl)®xM
IF(T2.6Es642¢)ALTO=ALTUP=(FLOAT (IDRDNZ2) ®#XxM)
TF(T2.LTe642.)ALTO=ALTUP=(T2=-600,) #XXM=(642e~T2) XM
IF(T2eLE«6UO)ALTO=ALTUP=(FLOAT (IDRDNZ) #XM)

1J = luu-l

IDRD=1URDNZ

IF (AL TUP LT FULMAX )CALL FULL2(ALTUP,IDRDsALTU.T])
WRITE(2e114)ALTUPsT]14IURDSALTUWTZ

O = ALTD

IF(J4acleLELV) GU TU 113

GO 10 111

113 BUPPER = ANETY ®#xNMeD

78

GJHb

GuUn8

LJHY

GuHs




15 TIlrvws = T2+T1
Fo= ayepPrp=gavma] M
Tiluae = TIPaeT ™
IF(elaLTal) HBu TO L33
IF v LT louRenusul NM) 1324133
120 132 N0 13« [un=)ex)
1J)h=14
IF(XUPPER([JUK) quloFULMAX JCALL FULL] (XUPPERJURV I RDIKE 9 TUKY
x TiIME Ll (luK))
134 vl TE (201 30) XUPPER(TUR) o TIMELL (1UK) s IORDeRU(IUR) o TIME22(1UK)
125 13 [FinbrreR,ul. FULMAR) CALL FULL2 (BUPPERIOKD4F T1PA)
v [TE(col30)UFPERTIFPASF «TIVA
135 FusMaT(hZewnbT pDELIVERY AFTER PARTIAL MISSION®F10e29SXKe®TIME®,
IF102e9Xs PUUNNT IME ORARUORNSoFL0.2+5X o *TIME® 4t 10.2)
RF=FULMAX/ 3.
130 IFITTALLE (1248 )HF=FULMAR/3./2.7626 ,*TTA
1IF (F.LEerk) LY TU 120
Lt = LOw+)
wr[TE(Pe136) TTa

136 FURNMAT(IH oZXeeFULL UN RAND DIFS BELOW REWUIREU MINIMUM RESERVE AT

135 1e4F10.7)
IF (Footele0) GO Tu 120
W= F ¢+ xAMeTTA
XT = n/xaM
FLeR) = NLp AU+
10 wrITE(Z2e) 1) AT
1l FURMAT (1M +22+80RACDOWN HITS ZERO AT HOUR®.F10,2)
F = 0.0
120 welTE(2alrS) FoRFoTTA
125 FORMAT (lh o2Xe8FUCL UN AAND®4F10,295Ke *RESERVE FUEL REQUIRED®,
a5 IFlUePebXe®TOVAL ACCUMULATEY TIME®F10.2)
“ETyrw
[ D

79

GJHY
vung

GJHH




10

15

10

543R0UTINE FULLC (ALTUF«IDROGALTDT)
COMMUN DEL]+UEL2

COMMOIN NUSIOVFLUCI100) oFoBUPFULMAX
TUVFLO(NUS)=IUVFLU(NOS) +1
vebL=vtkl]

IF(T,6T.600e)UEL=VELZ
NHRS= (sL 1 U= FULMAX) /0L
ALTUP=ALTYP=(NHRS2DEL)
TURD=TURD +WHRS
ALTU=ALTD=(NHKS*DEL)
RETUKRN

Ewd

SUHROUTINE FULL] (XKUPPEReLIORU e XDk o TURsT)
COMMON DEL1sUELZ

COMMON NUSe JOVFLULI00) oFeHUP«FULMAX
DIMENSIUN XUPPER(1) +xD (1)

IOVFLU(NUS) =IOVFLU(NOS) +1

veL=DeL 1

IF (T LT.600.)EL=VEL?

NHR= (XKUPPER ([JKR)= FULMAX) /ZDEL
IORD=10RD+NHR

00 10 I=1JKyK]
XUPPER([)=XUPPER(]) = (NHR*LEL)
XP(I)=x0(I)={NR®DEL )

BUP=RUP=NHr*DEL

FsF=NrneDELL

RETURN

END
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APPENDIX C

SUMMARY OF SIMULATION OUTPUT

Table C-1.
Initial  Subsequent
Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(fv) (hbl/h) (bbl/h) R=0.3 R=0.4 R=0.5 R=0.6 R=0.7 R=0.8 R=0.85 R=0.90 R=0.95
1000 990 1730 1]0.35 0.14 0.05 002 0 0 0 0 0
1] (0-5%) (0-3%) (0-3%) (0-1%)
(s
2,000 700 1,230 3.52 i 1.81 0.77 0.31 0.29 0.03 0.08 0.03 0
149 1 099 | (06"  (©04n (03%) (1% (02 (017
2,500 620 1,090 6.65 345 i 1.82 0.96 0.42 0.28 0.12 0.03 0.02
(0-17) ©09) 1 (0:9% (0-11%) (04% (0-4%) (0-3%) (0-1%) (0-1%)
3,000 570 1,000 945 493 : 299 1.59 0.86 0.48 0.21 0.14 0.06
(0-22) (0-14%) : (0-9%) 0-8% | (0-7%) (0-3%) (0-2%) (0-2%) (0-2%)
4,000 500 870 1403 915 572 361 | 169 0.89 0.55 0.41 0.12
(5-25) (1-23) (0-12) (0-1 0"’)'l (0-8%) (0-5%) (04%) (0-3%) (0-2%)
5,000 440 780 1935 1310  9.06 592 424 1 234 1.55 1.23 042
(6-33) (5-25) (3-19) (1-13)  (0-12%) ! (0-6%) (0-5%) (0-5*) (0-3%)
1. Reserve Objective = 10 Days,
2. Number of Systems Deployed During Initial Period = 5, During Subsequent Period = 4.
3. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.e., After Midnight

of Day 6.
. All Mooring Missions will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown.
. Initial Period Daily Demand = 6,386 bbl/d; Subscquent Period Daily Demand = 7,982 bbl/d.
. Cutoff Limit for Fuel Reserve =
Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, i.e., zero, level one or more times, it also rose to the

* O\ QN

7,204 bbl.

maximum cutoff level, causing truncation of one or more fuel deliveries,
NC indicates not computed.
NOTE: Solid linc divides feasible (lower left) from infeasible (upper right) values. Dashed line divides unacceptable (lower left) from aceeptable (upper right)
values.




Table C-2.

Initial  Subsequent
Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(ft) (bbl/h) (bbl/h) R=0.3 R=0.4 R=0.5 R=0.6 R=0.7 R=0.8 R=0.85 R=0.90 R=0.95
1,000 990 1,730 : 0.23 0.04 0.01 0.02 0 NC NC NC 0
1] (0-5%) (0-2%) (0-1%) (0-1%)
2,000 700 1,230 = 1.85 0.71 0.38 0.11 0.03 0.07 0.02 0.02 0
L on | 069 05h 03 02 01 019 19

2,500 620 1090 419 ] 160 0.62 028  0.14 0.08 0.01 0.03 0
(0-13) : (0-6%) (0-6%) 0-7%  (0-3% (0-1%) (0-1%) (0-1%)

3,000 570 1,000 5.92 l 2.92 1.54 0.36 0.13 0.19 0.05 0.03 0.01
(0-18) : (0-14%) (0-9%) (0-5%) (04%) (0-3%) (0-2%) (0-1%) (0-1%)

4,000 500 870 1164 608 316 1 150 |0.69 0.26 0.14 0.08 0.03
(0-25) (0-18) (0-14) ¢ (0-11%) | (0-7%) (0-3%) (0-2%) (0-2%) (0-1%)

g

5,000 440 780 17.82 11.55 7.36 343 -’ 1.81 0.67 0.52 0.14 0.08
(8-27) (0-25) (0-17) (0-14) l (0-10) (0-5%) (0-7%) (0-2%) (0-2%)

1. Reserve Objective = 10 Days,

2. Number of Systems Deployed During Initial Period = 6, During Subsequent Period = 4.

3. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.e., After Midnight

of Day 6.

L =R

NC indicates not computed.

NOTE: Solid line divides feasible (lower left) from infeasible (upper right) valucs. Dashed line divides unacceptable (lower left) from acceptable (upper right)

values.

All Mooring Missions will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown,
. Initial Period Daily Demand = 5,321 bbl/d; Subsequent Period Daily Demand = 7,982 bbl/d.

. Cutoff Limit for Fuel Reserve = 47,670 bbl.
Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, i.c., zero, level one or more times, it also rosc to the
maximum cutoff level, causing truncation of one or more fuel deliveries.

e
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Table C-3.

Initial  Subsequent

Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(fty (bbb (bbl/h) R=0.3 R=04 R=0.5 R=0.6 R=0.7 R=0.8 R=0.85 R=090 R=0.95
1,000 990 1,730 !} 051 0.19 0.07 004 001 0.01 0.01 0 NC
Losn @3 03 @2 @1y @1n @1

2,000 700 1,230 TEITT 252 1.29 041 017 0.14 0.03 0.05 0.02
©13) | (010%) | 064 (059 (029 (029 ©1H (1)  ©O1%

2,500 620 1,090 7.04 400 1 265 155 | 0.76 0.20 0.16 0.13 0.08
(18) (012} @129 O] O @39 (039 (03 029

3,000 570 1,000 1018 611 391 | 255 136 0.70 0.34 0.18 0.08
(223)  (016)  (013) | (0-11*) (08%) | (04%)  (04%  (03%)  (0-3%

4,000 500 870 1593 1066  7.23 446 | 2.96 1.38 1.04 0.54 0.18
(726)  (223) (216) (013) ) (010) (05%  (04% | (04%  (02%

5000 440 780 2078 1485 1022 633 419 306 | 206 1.46 0.68

(932  (423) (@) @215 (017 (08) | (06) 05% | (0-3%

. Reserve Objective = 20 Days.

. Number of Systems Deployed During Initial Period = 6, During Subsequent Period = 4.

. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.e., After Midnight
of Day 6.

. All Mooring Mlssions will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown.

. Initial Period Daily Demand = 6,749 bbl/d; Subsequent Period Daily Demand = 8,277 bbl/d.

. Cutoff Limit for Fuel Reserve = 95,341 bbl,
Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, i.c., zero, level one or more times, it also rose to the
maximum cutoff level, causing truncation of one or more fuel deliverics.

NC indicates not computed.

NOTE: Solid Line divides feasible (lower left) from infeasible (upper right) values. Dashed linc divides unacceptable (lower left) from acceptable (upper right)

values,

L2 - ol

L =N I




Table C4.

Initial  Subsequent

Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(fty  (bUk)  (bbl/h) R=0.3 R=04 R=0.5 R=0.6 R=0.7 R=0.8  R=0.85 R=090 R=0.95
1,000 990 1,730 || o017 0.06 0.03 0.02 0 0 0 NC NC
LLo4%  @©3% (029  (01%
2,000 700 1,230 | 220 1.04 0.49 0.18  0.05 0.01 0.03 0 NC
io(0-1l)  (08% | (05%  (04% (0-1%)  (0-1%)  (0-1%)
Lae o o o
2,500 620 1,090 437 ) 175 1.15 048  0.12 0.08 0.02 0.04 0
©15) 1 1) ©11%) [ 079 (@29  (©2) (019 (1%
3,000 570 1,000 7.90 378 ) 192 090 045 0.21 0.09 0.04 0.04
©21) (14 | ©11%) | 011% (05%) (03% (029 (029 (017
4,000 500 870 1435 847 503 | 202 125 0.43 0.26 0.19 0.02
(320) (0289 (0151 (O1% (089 | 4% (029 (3%  (O1%
5,000 440 780 19.88 13.70 880 499 | 271 1.74 0.88 0.62 0.16
(7-30)  (225) (1200 (015) ! (014)  (07) (06%)  (04%  (0-2%
1. Reserve Objective = 20 Days.

2. Number of Systems Deployed During Initial Period = 7, During Subsequent Period = 4.

©w

of Day 6.

* OOt

maximum cutoff level, causing truncation of one or more fuel deliveries,

NC indicates not computed.

. All Mooring Missions will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown.

. Initial Period Daily Demand = 5,785 bbl/d; Subsequent Period Daily Demand = 8,277 bbl/d.

. Cutoff Limit for Fuel Reserve = 81,721 bbl.
Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, i.e., zero, level one or more times, it also rose to the

Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.c., After Midnight

NOTE: Solid line divides feasible (lower left) from infeasible (upper right) values. Dashed line divides unacceptable (lower left) from acceptable (upper right)

values,
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Table C-5.
Initial  Subsequent
Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(ft) (bbl/h) (bbl/h) R=0.3 R-04 R=0.5 R=0.6 R=0.7 R=0.8 R=085 R=090 R=0.95
1,000 990 1,730 ! 0.36 0.14 0.05 0.02 0 0.01 0.01 NC NC
Loesy @39 o @ ©1% (1%

2,000 700 1,230 314 ) 205 1.00 027  0.10 0.05 0.03 0.01 NC
(0-12) : (0-10%) | (0-6%) (04*)  (0-1%) (0-2%) (0-1) (0-1%)

2500 620 1,090 619 3325 | 200 103 | 040 0.16 0.13 0.06 0.01
(0-17) (0-12) 1 (0-11*%)  (09%) | (0-5%) (0-2%) (04%) (0-2%) (0-1%)

3000 570 1,000 9.63 531 328 1 190  1.02 0.53 0.24 0.14 0.05
(1-23) (0-16) (0-13) L(O-I 1) (08%) (04%) (0-3%) (0-2%) (0-2%)

4,000 500 870 15.74 10.24 6.74 3.86 2.41 0.99 0.71 0.38 0.10
(7-28) (2-23) (1-15) (0-12) ! (0-10) (04%) (04%) (04%) (0-1%)

5,000 440 780 20.79 14.89 10.14 6.24 3.99 : 2.89 1.87 1.31 0.58
(9-31) (5-26) (4-22) (215) (0-17) l (0-7) (0-6) (0-5) (0-3%)

1. Reserve Objective = 30 Days,

2. Number of Systems Deployed During Initial Period = 8, During Subsequent Period = 4.

3. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.c., After Midnight

of Day 6.

. All Mooring Missions will Consist of a Theoretically Possibie 30 Hours of Pumping Time Followed by 18 Hours of Drawdown.

. Initial Period Daily Demand = 6,442 bbl/d ; Subsequent Period Daily Demand = 8,317 bbl/d.

. Cutoff Limit for Fuel Reserve = 107,258 bbl.
Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, i.e., zero, level one or more times, it also rose to the
maximum cutoff level, causing truncation of one or more fuel deliveries.

NC indicates not computed.

NOTE: Solid line divides feasible (lower left) from infeasible (upper right) values. Dashed line divides unacceptable (lower left) from acceptable (upper right)

values,

LR~ I
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Table C-6.

Initial  Subsequent

Pipeline  Flow Flow Average Number of Times (and Range of Times) Fuel Reserve Falls to Zero at
Length Rate Rate Reliability R During a 90-Day Operation
(ft) (bbl/h) (bbl/k) R=0.3 R=0.4 R=0.5 R=0.6 R=0.7 R=0.8 R=0.85 R=0.90 R=0.95
1,000 990 1,730 Il 0.16 0.05 0.03 0.01 0 0 0 NC NC
L4 03y 029 (01
2,000 700 1,230 : 2.03 093 0.44 0.15 0.04 0.01 0.03 0 NC
: (0-10) (0-8%) (0-5%) (0-4%) (0-1%) (0-1%) (0-1%)
2,500 620 1,090 4.20 —} 1.68 1.05 0.50 0.10 0.07 0.05 0.03 0
(0-15) ! (0-11) (0-10%) (0-7%)  (0-2%) (0-2%) (0-2%) (0-1%)
3,000 570 1,000 7.88 3.68 i 1.83 0.87 0.44 0.21 0.09 0.04 0.04
(0-20) (0-14) L (0-10) (0-11%)  (0-5%) (0-3%) (0-2%) (0-2%) (0-1%)
4,000 500 70 14.16 8.32 4.90 jl 1.83 1.12 037 0.23 0.18 0.02
(3-25) (0-23) (0-15) 1+ (0-11)  (0-7%) (0-3%) (0-3%) (0-3%) (0-1%)
5,000 440 780 19.96 13.84 885 486 | 259 1.61 0.83 0.58 0.15
(8-30) (1-25) (1-21) (0-15) : (0-14) (0-7) (0-6) (04%) (0-2%)
1. Reserve Objective = 30 Days,
2. Number of Systems Deployed During Initial Period = 9, During Subsequent Period = 4.
3. Failures May Not Occur During Day 5 and Day 6; They May Occur Starting with the Beginning of the Second 30-Hour Mooring Mission, i.e., After Midnight

of Day 6.

. Initial Period Daily Demand = 5,726 bbl/d; Subscquent Period Daily Demand = 8,317 bbl/d.
. Cutoff Limit for Fuel Reserve = 95,341 bbL

% O\

maximum cutoff level, causing truncation of one or more fuel deliveries.
NC indicates not computed.

. All Mooring Missions will Consist of a Theoretically Possible 30 Hours of Pumping Time Followed by 18 Hours of Drawdown,

Indicates that for every simulated 90-day hostility in which the fuel on hand dropped to the minimum, ie., zero, level one or more times, it also rose to the

NOTE: Solid line divides feasible (lower left) from infeasible (upper right) values. Dashed line divides unacceptable (lower left) from acceptable (upper right)

values,
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